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This paper describes a new gene ral purpose ¢ le clromagqnelte re lay for USE Th 
telephone switching systems. [tis a wire spring relay known as the AF type 
relay and, with variations which provide slow release or marginal char 
acteristics, it is known as the AG and AJ relay, re spective ly. Fig. 1 shows a 
typical AF type re lay, Fig. 2 shows all of the parts of the relay and Fig. 3 


is a drawing showing the relay assembly. 


1. BACKGROUND 


The general purpose relay is one of the most important components of 
telephone SW itching systems.! These relays constitute the most repetitis e 
building block in switching equipment. Since several million are produced 
annually, low manufacturing cost is extremely desirable. Also of prime 
Importance are low operating and maintenance costs. General purpose 
relays are, therefore, under constant observation and study by the tele 
phone operating Companies as the users, by the Western Electric Com 
pany as the manufacturer, and by Bell Telephone Laboratories as the 
designer. The AF wire spring relay and its variations are the result of 
such studies. 

A general purpose relay for telephone switching systems must meet 
a large number of diverse requirements. It must be capable of being 
assembled with any one of a variety of magnet coils having a wide range 

1S. P. Shackleton and H. W. Purcell, ‘Relays in the Bell System’’, Bell Systen 
Tech. J., Jan., 1924, p. 1. 
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relay ut with substantially lowe manulacturing Costs 

velopment ol the relay procee led, it became possible To ¢ xpand 

quirements without appreciably altering the expected relay cost 

partie ular, it became possible to de Ww the new relav to operate and 

se less electrical | ver, to operate more often before 

PpPreclabie Wey \ ( Phe improved performance character 
av, as described later, are 

home mportance to those ussociated with lowe manulacturmg cost 


The brond requiremetts vere re luced to thre tollowing design objer 


Lower cost a0 per cent ol | type relay 


Reduced operating ele ‘al powet 
operate and release times 
Loony ile ali billion operations 
Improved contact performance 
Phese broad design obyectives do not spe ifically state a large number 
of other characteristics which must be at least as favorable as those ot 
the U and Y relay tamily. This refers to such items as: space required 
magnetic interference, wiring Costs, contact combinations, field servicing 
unia repairs 
3. DESIGN POSSIBILITIES 
tudies of new relay design possibilities started with a careful 
the U type relay experience. In fact, much of the early thinking 
red various modifications of U type and other existing relays. In 
these studies indicated that about half of the manufacturing 
lL type relays came from assembly and adjusting operations 


Accordingly, these Ope ratios required major revision for a substantial 
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cost reduction of the relay. it became evident that the development of 
new manufacturing methods as well as new designs were essential in 
reaching the ambitious objectives. For these reasons, the manufacturing 
engineers of the Western Eleetric Company were active participants in 
the development of the new relay from the beginning 

Many new forms of relay designs were considered and studied includ 
ing such types as miniature, magnetic contact, piezoelectric, ete. As a 
result, one general form, first proposed by H. C. Harrison, gave the most 
promise of meeting the manifold requirements. This is the wire spring 
tvpe characterized by the wire spring subassemblies with code card opet 
ation of pretensioned, low stiffness springs Actually, the general form 
of the wire spring relay proposed by Mr. Harrison constitutes an entire 
new class of relays with many possible variations. These include various 
types of code ecard operation and various forms of contact operation, 
operated by any of a number of magnet structures 

The new class of relays has the following important advantages: 

|. Pretensioned, low stiffness wire springs make possible (a) assembly 
to give close control of contact force without individual spring adjust 
ment; and (b essentially constant eontact force throughout the life of 
the relay and its contacts 

2. Wire spring subassemblies make possible (a) favorable manufacture 
of a multiplicity of contact springs by molding; (b) lower assembly costs 
because fewer piece parts are needed; and (¢ simple code card operation. 

3. Code card operation makes possible (a) standardized and simple 
assembly ; (b) accurate control of contact position; (¢ essential elimina 
tion of locked contacts; (d) complete independence of twin contacts; and 
(e) simple means for pro\ iding a large number of contact combinations. 

A continuous and comprehensive study was necessary of the chat 


acteristics and probable manufacturing costs of many forms of the wire 


spring relay family. As a result, after passing through several major 


designs, the basic design of the present relay was adopted. H. M. Knapp 
and C. F. Spahn proposed important features of this design. This form 
represented advantages over other types in 

l. reducing the number and amount of dimensional variations con 
trolling the contact gaps. In turn, this made possible smaller armature 
movement, shorter operating and release times and less chatter of the 
contacts ; 

2. reducing the number of code cards required to provide the large 
number of contact combinations needed in switching systems: 

3. reducing the manufacturing and wiring costs 


t. increasing the mechanical life. 
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tL. PRINCIPLE OF CONTACT OPERATION OF THE AF RELAY 


The \k relay USCS whit has heen called the “single card svstem’”’ ton 
actuating the contacts This Is Ih Contrast to other code card svstems 
Which require two, three or four coded cards in each relav. The method 
for obtaining individual make and break contacts with this svstem ts 
shown in Figs. da and 4b, and a means for obtaining transfer contacts, in 
which both make and break twin contacts are associated with a commot 
stationary contact, ts shown in Fig. de. As indicated on the figures, the 
following principles ure incorporated in this method of actuation: 

1. In general, three basic wire spring assemblies are required. Two ot 
these carry movable twin wires for make and break contacts and are 
| 


ends for 


identical exeept for some details in forming at the termina 


convenience i wiring. The twin wire assemblies are mounted on eithe 


NORMA 
CONTACT r 


" Son 


DEFLECTION 
Y 
ig 5 Contact for 


twin wires 


side of the stationary wire assembly, Which Consists of a group ol re lea 
tively heavy wires molded into plastic sections, one a short distance be 
hind the contacts and one near the rear of the relay. These sections sare 
rigidly supported in the relay structure 

2 Moving twin contacts on separate twin wires are used with every 
stationary contact This arrangement assures good reliability and greater 
freedom trom open contacts m the presence ol dust and clirt Ih addition, 
contact chatter is reduced as both contacts must be open simultaneously 
in order to interrupt the cireuit 
3. As shown in Fig. 5, each group of twin wires is tensioned toward the 
stationary wires by means of large predeflections before assembly, so 
that the contact forces are determined by this predeflection (rood con 
trol of the contact force is assured without need for hand adjustment 
because small variations in deflection of the low stiffness springs do not 
result in appreciable changes in foree. For this reason, the force is stable 
and is not Lppres iably affected by wear of the contacts 

1. The twin wires are actuated by a single punched fiber card. Since 
the tension in the twin wires Is alway sina direction to hold the contacts 


closed, the ecard serves to hold the make contacts opel when the relay 


Is unoperated and the break contacts opel when the relay Is energized 











BELL SYSTEM TECHNICAL JOURNAL, NOVEMBER 1952 


Phe card is supported by the armature on one side and a restoring 
on the other. The restoring spring supplies the force to hold the 
ire agaist the backstop and to hold make contacts open when the 

1! operated While the armature supplies the force to hold the 
tacts open When the relay is operated However, since the 
immature must also overcome the tension in the restoring spring, the 


ny ond mitust of course be OVeETCOMe by the pull ol the arma 


ets are held in good registration with their asso 

nary contacts t V meats ol molded guide slots in the station 

member just behind the card. These guide slots are slightly 

the diameter of the twin wires so that these wires are free to 

in the direction of the armature movement, but are restramed 
ateral motion 

Phe close proximity ol the card to the contacts Is Important im 

mizing contact chatter and in substantially eliminating locked con 

e., contacts which fail to open because of interlocking of rough 

ened uriaces The ( lose spacing results Wi a rigid coupling bet ween tl e 

card and contacts, so that the statie and dynamie forces associated with 

the armature and card are available to break loose any incipient lock 
vhich might deve hop 

(As the armature moves toward the core, the particular pont im its 


il Which make contacts close and break contacts open depends 


upon the dimensions of the ecard between the surface which bears against 


the armature and the surfaces which engage the twin wires, By propel 
ection of these dimensions, any contact can be controlled to operate 
| ite in the travel as desired 135 this means, several sequential 
to arrangements may be obtamed. Fon example, if the break con 
iv. de is controlled by the card dimensions to open earlier in the 
its associated make contact closes, the resulting arrangement 
early break-make” transfer. Similarly, an ‘‘early make 
er, often called a “continuity” May be obtained by selection 
mensions Which will assure that the make contact closes betore 
contact opens If both contacts operate simultaneously, the 
a “non-sequence” transfer 
From the above it is evident that the card surfaces which engage the 
res must be in different POSITIONS lol early contacts as compared 
ontaets. This is illustrated in Fig. 6 which shows an early 
an early make-break and a non-sequence transfer side by 
] 


i contact pairs shown. only two operate early, and this Is 


“1 by means ot steps in the actuating surfaces of the card 
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Thus, if no sequences were required, the card would have a single straight 
surface for makes and another for breaks, and only one card variety 
would be needed for all combinations of makes, breaks, and non-sequence 
transfers. Where sequences are needed, however, additional card varie- 
ties are required with steps in the actuating surfaces for the early 
contacts. 

In order to obtain a wider variety of the contact combinations in- 
cluding various numbers of make contacts, break contacts, sequence 
transfers and non-sequence transfers on the same relay, it is necessary 
to provide a variety of different coded stationary and twin wire as- 
semblies, as well as a variety of cards, some of which are illustrated in 
Fig. 7. The twin wire assemblies differ as to the number of twin wires 
provided and in the position of these wires across the width of the 
molded section. 


The stationary wire assemblies are always provided with a full comple- 


ment of twelve wires in order to support the front molded section, which 
is held in place by spring tension in these wires. However, only certain 
of the wires may have contacts at the ends. These stationary contacts 
consist of base metal blocks with 0.010 inch thick precious metal sur- 
faces on either or both sides as needed for makes, breaks or transfers, 
and any of the three varieties may be welded to any wire. Thus precious 
metal is provided only where needed for the particular contact arrange- 
ments desired. 
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sy using different combinations of stationary and twin wire assemblies 
with each ecard variety, a large number of different contact combinations 
may be obtained While most ol these needed lor telephone SWite hing 
systems use either no sequences at all or a single stage of sequence, a 
few combinations are provided with “preliminary” contacts. These com 


binations include two stages of sequence, in which some contacts operate 


at each of three different points in the armature travel. The preliminary 


contacts operate earliest in the travel. These are followed by the early 
contacts of sequence transters and finally by the late contacts, including 
ordinary makes and breaks 

To be sure the desired sequences will be maintained during the lite 
of the relays, it is necessary to provide margins in the form of armature 
travel allowances at each stage. Combinations with sequences will there 
fore require total armature travels which are longer than those with no 
SEGUEHICES, and two stuges ob sequence will require more travel than a 
single stage. \ccordingly, the AF relay is proy ided with a choice of three 
armature travels to correspond with the number of sequences needed. 
\t the card, these travels are 0.026 inch (short) for no sequences, 0.044 
inch (intermediate) for one stage and O.060 inch (long) for two stages 

Thus, combinations including ordinary makes, breaks and non-se- 
quence transfers use short travel. Where sequence transters are also 
needed, intermediate travel is used and the early contacts of the se 
quence transfers operate first. Long travel is used only where prelim- 


nary contacts tollowed hy sequence transfers are needed 


). ARMATURE SYSTEM AND MAGNETIC. CIRCUIT 


The armature system and the associated magnetic circuits constitute 
the basic motor element of an electromagnetic relay. The size of the 
motor element is determined, tn part, by the work it must do and here 
a basie factor is the contact force. On the basis of analytical as well as 
experimental studies, it was decided to use a contact force of about six 
grams per single contact, Le., about twelve grams for the combined force 
of the twin contacts. Other important factors which react on the design 
of the magnet are the speed required, windnyg space, heating,® sensitiv 
LY, ete. The detailed analysis of the magnetic system and the asso 
ciated measurements will be covered in separate papers 

Che magnetic structure chosen is shown in Fig. 8S. The armature is a 
flat member of | shape which provides desirably large pole hace Areas 


R. L. Peek, Jt Internal Temperatures of Relay Windings’’, Be 
Tech. J., Jan LQ51, p. 141 
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ructure of the AF relay. 


Phe core is a simple one-piece E-shape section of sufficient thickness of 


| per cent silicon iron to produce the magnetic flux needed to meet the 
force and speed requirements and to proy ide the main member to which 
all other parts are assembled. The silicon iron has appreciably highet 
electrical resistance than ordinary magnetic iron and this, together with 
the re tangular cross-sections of the legs, reduces eddy currents as needed 
for high speed operation and release. The one piece construction avoids 
welded or butt joints common to many magnets. These joints are re 
sponsible for added reluctance and hence decrease the magnet sensitivity 
and require added electrical power to operate a given load. The relatively 
wide spacing of the legs increases leakage reluctance and, in turn, in 
creases the useful magnetic flux 

\fter a cellulose acetate filled coil’ has been assembled to the middle 
leg of the core, a core plate, shown in Fig. 9, is forced over the ends of 
the E shaped core to bold the three legs in good alignment tor proper 
mating with the armature. The core plate also provides the backstop 
for the armature and serves as a means of gang adjustment of the con 
tacts covered more completely under the Relay Adjustment section of 
this papel 

Phe armature is spring supported in a very definite manner to produce 


Schneider Cellulose Acetate Filled Coils’, Bell Lab. Record, Nov., 1951, 
514 
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hig. 9 Legs of the core are held in alignment by the core plate, which is forced 


over the ends after the coil is assembled 


a minimum of rebound when it is released from its operated position. 
The conditions for reducing armature rebound were described previously® 
and make it necessary to proportion the forces at the front and rear of 
the armature properly. The magnitude and the ratio of these forces are 
a function of the mass distribution of the armature. 

The magnet design must not only meet such functional requirements 
as speed, sensitivity, ete., but it must meet these for several values of 
armature travel as needed by the variety of contact combinations pro 
vided. Another requirement is that the relay be designed to fit on a 2-inch 
mounting plate and this, in turn, restricts the width of the E-shaped 
magnet core to slightly less than two inches. The relay is normally 
mounted with the 2-inch dimension in the vertical direction to allow 
the contact surfaces to be in vertical planes. The corresponding hori- 
zontal dimension in which the relay can be mounted is 1% inches except 
for a few special cases. As described in more detail under the section on 
Relay Performance, the improved magnet design has resulted in a redue- 
tion of the magnetic interference between mounted relays to values which 
are negligible for most practical purposes. 

For comparison with the U type relay, the following typical constants 
of the magnet are of interest (see Table I). The closed gap reluctance, 
Ro, is the reluctance of the magnetic circuit, excluding leakage paths, 
with the armature operated and with the iron near maximum permeabil- 
ity. The coil constant, G, is the ratio of the square of the number of 


turns to the resistance for a full sized coil. The sensitivity, S, is a measure 


8. E. Sumner, ‘‘Relay Armature Rebound Analysis’, Bell System Tech. J 
Jan., 1952, p. 172. 
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features of the new relay is the use of molded wire 

hig. LO shows a wire spring relav with twelve make 

1] shows a COMpParisol of the wire spring assemblies 

lay and the ce rresponding parts ol the Ure lay. Krom this 
that the number of parts handled in the assembly of the con 
members is greatly reduced in the new relay Not all relays 
tacts and in those cases where fewer contact springs 
COMMPAPISOTL WHIT not be so unfavorable lo the | relay 

about one-half of the parts shown will be needed for the 
vhereas the new relay will again require two wire spring combs 


io three wire spring combs are needed for any contact 


Which ieludes both make and break contacts up to twelve 


uv ( ombs nre needed tor 


yventv-lour make cont 


Oo problems had tor tre solved 1h) pro eapanes molded Wire Spring combs, 


vire straightening and molding of a multiplicity of wires. Both 
studied cooperatively : Bt Pelephone Laboratories and 

ectrie Compan 
raightened by rotating and die members around the 
viich causes alternatin NIN wire. kor 
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hig. 10 -AF relay with twelve make contacts 


push, rather than to pull, the wire through the rotating cams. By this 


means it Is expected to get straight wire without producing an appreci 


able twist in it. The Western Electric Company has developed a multiple 


head wire straightening machine which can be directly associated with 
the molding press. 

A multiplicity of straightened wires is fed into a molding press where 
plastic molding is used to hold them in proper location. Molding of wire 
required that the plastic, fed into the die, avoid any appreciable dis 
tortion of the wires between unsupported sections. A considerable 
amount of development work, chiefly by the Western Electrie Company 
engineers, Was required to achieve this result. Transfer molding of a 
thermosetting phenolic plastic has been chosen as the most suitable for 
producing stable wire spring subassemblies. This is based on the need 
for stability of the wire positions and because of the ability of the ma- 
terial to withstand the effects of heat. Fig. 12 shows continuous ladders 
ol molded wire spring SecCTLONS before cutting to length. 

The molded sections have a number of features of design Importance 
bevond holding the wires in place These added features are proy ided by 
shaping molded sections to make the remainder of the relay simpler. In 


particular, these features pro\ ide registration pins and holes, guides for 
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Fig. 12 —Molded stationary and twin wire assemblies, before cutting to length 


the ends of the twin wires, cover anchorage, damping material sup 


port, ete. 


7. CONTACTS AND CONTACT WELDING 


Since the primary purpose of the relay is to open and close electrical 
circuits through the contacts, there has been a special effort to make 
these contacts as reliable as possible. Accordingly, palladium is used for 
all contact surfaces. This use of precious metal substantially eliminates 
opens due to corrosion. Palladium not only gives outstanding reliability 
but studies indicate that its use results in the best economic balance be 
tween manufacturing cost and service because of the reduced main 
tenance expense. 

Open circuits due to particles of dirt between the contact surfaces are 
largely eliminated by the use of a contact cover, complete independence 


of the twin contacts deseribed in the section Relay Performance, and 


the dynamic characteristics of the wire springs. However, to further 


reduce the incidence of dirt troubles, the surfaces of the twin contaets 
are coined to a cylindrical shape. This greatly reduces the effective bear 
ing area between the twin contacts and the flat surfaces of the single 
contacts. Thus, even if an occasional dirt particle should come to rest 
on one of the contact surfaces, there is small likelihood that it would 
be in the contact area. 

Since welding contacts to wires instead of flat springs is relatively 


new, considerable attention was given to the development of suitable 
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in geometry, entirely different methods have 


g the two types of contacts 

tacts are produced by spot welding precious metal con 

» the tips of the twin wires. The diagram of the welding 
3. The condenser « is charged by a power supply 


ie The condenser is then lise harged through 
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hich produce the weld 
a ¢eviindrical shape 


the surfaces are comed to 


vy process did not “uppeal best for welding the station 


f the need to grip the wires 


( nds ol the WITCs boar Huse ¢ 


gv electrodes in the limited space directly behind the 
cordingly, a type of welding known as “percussive welding”’ 
the electrodes to be placed near 


the wire springs without developing excessive heat 
Viieh also permits the accurate positioning needed for 


n order to control the port of contact closure on the iis 


Phe welding circuit is shown in Fig. 14. The condenser ¢ 
by means of a direct current power supply, and the condenset 
Cy upp on the statronary wire. As the contact to be welded 
oward the end of the wire, the condenser discharges forming 
surfaces of the contact and wire. The 


“ 


ttre Pouattan 


| <Vstem were chosen to 


hed mechanical 
metal at a controlled rate to assure 


hie (| together during the very briet 
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COOTNE period as the weld is completed. A small resistance Rois added 
in series with the discharge circuit to limit the current and control the 
arcing period 

That high weld strengths are obtamed by this process is indicated i 
Fig. 156 which shows typical distributions of weld strength for both the 
PETCUSSIVE-We lded contacts and the spol welded twin contacts. The plots 
show the percent of contacts with weld strengths equal to or leas than 
any prescribed value within the range of the chart. As shown, the pet 
cussive welds are generally stronger than the spot welds whieh ts, 
part, due to larger welded areas 

Although percussive welding is more suitable for the stationary cot 


tacts welded in the factory, it is planned that occasional replacem nt ol 


both stationary and twin contacts will be made in the field) by 


Spot 


POWER SUPPLY 

















STATIONARY 
WIRE ASSEMBLY 

Fig. 14 Diagram showing the essential elements of the percussive 

process used for the stationary contuet 


welding. This will be done with the Bell System field welding equip 


ment® provided with suitable electrodes. In this case, however, more 
expensive all-palladium stationary contacts of special shape would be 
used to facilitate the spot welding and individual hand adjustment for 
final position of the contacts will be necessary 


S. STANDARDIZED ASSEMBLY OF CODED PARTS 


Since assembly was one of the most promising fields for reducing costs 
In anew relay design, special effort was made to reduce the assembly cost 
of the AF relay Some of the major design features which contribute to 
low cost assembly are: 

1. The continuous molding and fabricating processes for the wire 
spring subassemblies, which avoid all individual handling of wires and 
contacts. 


’W. oT. Pritchard Relay ( ‘ ' fell Lab recor April 
374 
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weld strength distributions for the stationary and twin eon 
cale is graduated so that normal distributions will plot as 


2. Clamping the relay pile-ups by means of a simple spring clamp 
instead of the more conventional method using screws 

3. A single, easily mounted, operating card 

Less obvious, but equally important is the basic philosophy whereby a 
arge variety of different relay codes are obtained by assembling parts 
which for assembly purposes are essentially identical for each eode. As 
previously deseribed, the spring combination for each relay is controlled 
by selection of the proper code card, twin wire assemblies with wires in 
the proper positions for that combination, and a statronary wire assembly 
vith the rght kind of contacts welded to the proper wires. At the present 
time six different card varieties, fifty twin wire assemblies and seventy 
ve stationary wire assemblies have been standardized. The twin wire 


fy 


assembiies are provided with any number from one to twelve pairs ol 


wires In Various positions while the stationary wire assemblies have 


from one to twelve contacts in matching positions, with the added 
variable that each contact may have precious metal on either or both 
sides as needed. With these it is possible to obtain more than 300 differ 
ent contact combinations, although only about 100 of these are now 


needed. Yet, with a few exceptions, each relay code is assembled from 
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the same number of parts put together in the same manner. By using 
udditional varieties of cards and wire spring assemblies the total number 
of contact combinations which are possible with the basic design is 
many times larger than the 300 indicated above. 

Other examples of coded parts which are assembled in a standardized 
manner are the coils, core plates and restoring springs. Although coils 
vary greatly as to turns, resistance, ete., all are assembled to the cores 
by the same procedure, UusIng identical spoolheads. The three values of 
armature travel are controlled by selection of core plates with the proper 
size of openings, but all core plates are assembled alike. Similarly, the 
restoring springs are provided in seven varieties including six different 
thicknesses and seven predeflections to give the desired restoring force, 
but these variations do not affect the assembly operations 

Standardized assembly of coded parts is of value, not only in reducing 
the cost of hand assembly operations, but also in providing a more uni 
form product and as a principle which may make machine assembly 


practicable. 


Y. RELAY ADJUSTMENT 


Since adjustment expense accounts for a considerable part of the 
manufacturing costs of older type relays, special efforts were made in 
the design of the AF relay to reduce the need for adjustment. As a result 
several types of adjustment used with other relays have been eliminated 
completely and the remaining adjustments have been simplified. All 
individual contact adjustment has been eliminated and only two types 
of factory adjustments are made with the AF relay. These include adjust 
ment of the restoring spring to control armature back tension and a 
gang adjustment of the stationary contacts to control the points in the 
armature travel at which the contacts operate. Even these adjustments 
are needed for only a fraction of the relays as close control of the tol 
erances in manufacture often causes the back tension and contact operate 


points to fall within acceptable limits as the relays are assembled. 


The gang adjustment of the stationary contacts is made by bending 
the arms of the core plate, thereby changing the position of the front 
molded section of the stationary wire assembly which rests on the ends 
of the arms. Each arm may be bent by means of a screwdriver inserted 
in the slot as shown in Fig. 16. Rotation of the screwdriver in a counter 
clockwise direction causes the upper end of the core plate arm to move 
to the left, carrying with it the upper end of the stationary wire assembly, 
including the stationary contacts. This reduces the gap between these 
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in manufacture, as the restoring spring tension is normally just sufficient 
to overcome the tension of the make twin wires and hold the armature 
against the backstop Within a ceptable force limits. Close control of the 
tension bends in the wires and restoring springs reduces the frequeney 
with which adjustments are needed and a large portion ol the relavs do 
not require this adjustment. 

Types of factory adjustment which are common on other relays but 
Which have been eliminated entirely on the AF relay include adjustments 
for contaet toree, individual adjustment of contacts for contact operate 
point, and adjustment for armature travel. Contact force is controlled 
by meenus of the large predeflections of the twin wires as mentioned 
previously. Individual contact adjustment is eliminated by close control 


of tolerances combined with the single ecard method of actuation, and 


by the simpler gang adjustment used when necessary. Adjustment for 
] 


urmature travel is eliminated by the use of close tolerances on the con 
trolling dimensions of the parts 

\djustments of worn relays in the field may be limited to gang adjust 
ment of the contacts and back tension adjustment as deseribed above 
Other adjustments may include burnishing the contacts to remove sur 
hace irregularities, replacement of contacts and individual contact adjust 
ment as mentioned previously, and replacement of the card if it should 
become badly worn or damaged. If card replacement is necessary this 
may be done without dismounting the relay from the mounting plate 


and without dis onnecting the associated Wirlhg 


10. RELAY PERFORMANC! 


As prey ously stated, the broad objective in the design of the AF relay 
has been to reduce the annual charges for the use of this relay in the 
telephone system. Part of this reduction comes from lower manufacturing 
costs; the remainder comes from savings associated with the improved 
performance characteristics, such as long life with relatively low main 
tehance expense, reduced power consumption, and increased speed which 
reduces the number of units of certain types of equipment, such as 
markers, needed for telephone central offices. A brief description of some 


of the principal characteristics of the new relay fotlows 


Load and Pull Characteristies 


Tvypieal load and pull curves for a wire spring relay with twelve early 
¥} | | 
break-make transfer contacts are shown in Fig. 17. The abscissa shows 


the motion of the armature as it travels from the unoperated position 
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to the operated position, and back again. This is measured at the center- 


line of the card and hence is also the card motion. In the unoperated 


position the armature rests against a backstop, which is part of the core 
plate. In the operated position it rests against 0.006-inch thick non- 
magnetic separators which prevent the armature from touching the core. 


The ordinate shows the spring load, which opposes the armature motion 


an 
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toward the core, and the magnetic pull acting on the armature for various 
numbers of ampere turns in the winding. These pull and load curves are 
also measured at the card. 

Mxamination of the load curves shows several features of the relay. 
The armature back tension, or force, holding the armature against the 
backstop is about 65 grams in this case. As the armature moves toward 
the core, the spring load increases along the upper of the two nearly 
parallel load curves until it reaches a final value of about 440 grams in 
the operated position. As the armature is allowed to return to its original 
position, a second curve, just below the original curve, is obtained. The 
aurea between these two curves is a measure of the energy loss due to 
mechanical hysteresis, or friction, in the relay. As can be seen from the 
curves, the friction in the new relay is very low and is a small fraction 
of the spring load at all values of armature travel. 

The shape of the load curves is characteristic of AF relays with inter 
mediate travel (0.044 inch). The load increases rapidly in two regions, 
corresponding to the intervals in which the early and late contacts 
operate. The rapid increases are caused by the armature and card picking 
up the additional load of the twin wire springs. Each of the 48 twin 
Wires is picked up almost abruptly at various points and the summation 
of these additions to the load gives the irregular appearance shown. 

The pull curves of Fig. 17 are for essentially static conditions since 
the armature was restrained to move slowly through its travel while the 


curves were automatically recorded. These curves are of interest because 


they show the ampere turns necessary to assure operation of the relay 


and also values which will assure the armature will not leave the back 
stop. For example, the “critical load point,” or point on the load curve 
which requires the greatest number of ampere turns, is seen to occur at 
0.025-inch travel and 250 grams, which under static conditions would 
require at least 160 ampere turns in the winding to assure complete 
operation. On the other hand, as little as 94 ampere turns could cause the 
armature to leave the backstop and might cause operation of one or two 
contacts. Hence, a lower value must be maintained to assure that the 
armature will remain at rest against the backstop. This information is 
important for relays having non-operate requirements. Similar informa 
tion may be obtained for limiting ampere turn values which will assure 
that the armature will remain in the operated position (hold require 
ments) and, again, which will assure complete release to the backstop 


position (release requirements). 
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Typical release times tol the \l ond | relavs are show) l | iv 19 


with time plotted as a function of the number of contact pairs for relays 


equipped with standard O.006-inch thick nonmagneti separators Lh) 
this case the improvement is greater than two to one, due principally to 
the hohter moving parts ofl the Ak re lay sna lowe! eddy current ete ts. 


a) the rectangular sSheon iron eore 


Powe r he quireme his 


The nominal power required to assure operation, with some marg 
of relays with windings designed for minimum power consumptior 
shown in big 20 Ineluded Is al allowance lor adverse Varintions 
magnetic structure, winding and loads. Since least power will be use« 
by the largest coil wound with the finest wire consistent with meeting 
the ampere-turi requirements for the various contact loads, the curves 
are discontinuous and have steps as the wire sizes are shifted from one 
size to the next to meet the ampere turns needed for increasing loads 
\gain, the corresponding U relay power is shown for comparison. For 
corresponding numbers of contact pairs, the AF relay requires about 
half the power ol the | relay, except with fewer contact pairs where the 
power in each case depends upon the use of No. 41 gauge wire. This 


comparison applies only when coils of optimum design for minimum 


power are used on both relay s In practice, the col S are selected tol thie 
best economic balance between power consumption, Cost ol the cols and 


value of speed of operation Coils designed for minimum power are rela 
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20 Power used for AF and U relays with coils designed for least power 


tively expensive because they contain as many turns of fine wire as the 
available space permits, and their use is economical only on relays which 
are operated an appreciable portion of the time and where speed is 


relatively unimportant. The reduced power required for the AF relay is 


due principally to an improved magnetic structure, shorter travels for 


similar contact combinations, and lower contact forces 


fact Ps rfor PiaLhice 


The principal characteristics which must be considered in evaluating 
contact performance include chatter, erosion or wear, susceptibility to 
open contacts and locking, and changes in these characteristics with weal 
of the relays. In general, all these features are improved on the AF relay 
compared with the U type 

lypical chatter on closure of make and break contacts on U and Ak 
elavs built for moderate and fast operation is shown in Fig. 21. The 
f improvement of the AF relay is striking. The reduction in 
chatter has direct circuit advantages in reducing the possibility of false 
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Fig. 21—Typical chatter on closure of contacts, 
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separation by use of separate twin wires and a signifi 
improvement with respect to contact opens is due to this feature 
re 


eontuaet chatter and oper contacts become ¢ 


Ss the co 


life of the relav. As shown in Fig. 2: 


The improvements 1 
more evident during the 


tact forces on UL re lays diminish rapidly with wear of the contacts result 
or earnel 


lige in increased chatter, more Trequent opens and the need 4 


readjustment. Card operation ol wire springs with large prec lections 
however, assures substantially constant forces, thereby maintaining 


the mmitial chatter-tree performance at d fewer ope 


contacts 


Tests ol relavs with contacts prover ted electrically with resiIStalice 


condenser networks indicate that the standard AF relays with wind 
the order of 250 


With 


resistances of 700 ohms or greater will have a life in 
900 million operations before readjustment becomes necessary 
readjustment Ol COUPSE, these Heures can be iereased several times 
Where longer lite is essential, special features are used to increase the 
With these features a life, before readjustment, of a billion opet 
Javs and, with readjustment, 


lor lon vu lite should by 
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Hliohls Is expected lor some. re 
features capabl 


equipped with the special 


billion operations 

The special features for long life include vibration dampers attaches 
to the twin wires and the stationary wire assembly as shown in | ig. 24 
wear-resistant mickel and chromium plate on the armature, core, and 
plate, and i if VeHring alloy. tor the nonmagnetic separators 
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velded to the armature. The special features consist largely of variations 
1 finish and material which do not greatly affect the manufacturing 
processes. The only added parts are the damping members. These are 
“1 from soft but stable polyisobutyvlene with grooves to receive the 

res, One damper is attached to each side of the shelf pro\ ided on 

lonary wire assembly. The twin wires pass through the grooves 
mented in place. As shown in Fig. 25, these dampers reduce 

vibration of the twin wires between the card and the molded section 

the rear, thereby reducing the slide between the wires and the ecard 
Karly designs of relays indicated that wear between the twin wires 


and the card was excessive and that changes in materials would not 


produce the improvement needed for very long life, particularly with 


high-speed relays. A fundamental study'® of the conditions which cause 


vear Was made and it was found that reduction of the shding motion 
between the wires and card to 0.00L inch or less was necessary to sub 
stantially eluminate such wear. The AF relay meets this requirement. The 


necessity for such a requirement will be better understood when it is 
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ison and S. Dd. White New Techniques for Measuring Forces and 
phone Switching Apparatus’, Bell System Tech. J May 1952 p 169 
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hig. 24 -Where very long life is needed, polyisobutylene dampers are mounte« 
between the twin wires and a molded shelf on the 


stationary wire sassembl 
noted that, for one billion operations, the total slide corresponds 
distance of about thirty-two miles 


Stability 


The AF relay is a distinct improvement in stability compared with 
earlier designs when subjected to shock or temperature and humidity 
changes. Under severe and repeated variations in temperature and hu 


midity, the largest changes in contact separation are not more than 0.002 
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big. 25 —Oscillograms showing the effectiveness of the polyisobutylene dampers 


in reducing the vibration of twin wires following operation of the relay. The 
vibration is measured in the horizontal plane, about midway 


ilong the length 
of the wires. 
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measurements were made by surrounding a control relay 

adjacent closely-spaced interfering relays. The ampere turns to 
operate the control relay were varied by changing the mechanical load 
on the relay, and tor each value the change caused by simultaneously 
energizing the adjacent relays was observed. The improvement of Al 
relays with respect to the | tvpe Is seen to he of the order of ten times 
for most of the range, with the effects of the adjacent relavs being wel 
under 10 per cent up to 300 ampere turns. This is small enough so that 


no shields on precautions with respect to spacn 


} 1 rere required 


1] 


The ACGe and AJ type you include modifications of the basic Al 
design to provide slow release, sensitive, marginal and other additional 
characteristics. For the most part these modifications are not CXTCIISIVE 
ana the assembled relays closely resemble tha \l design 

Phe additional parts most often used in the AG and AJ relavs are 
pe 
Zé 


shown in big Both relays use thicker armatures with long 


er siecle 
legs than the AF relav, and the armature of the AG relay has a spheres! 
embossing Instenad ot HomMmagnetic separators Vha rece thre misgnety 
cireunt reluctanee otf the AGi relay when it is im the operated po 


In addition, for longer release times, a metal sleeve is assembled 


the middle lew of the core, mside the cor fiduced eddy currents i 


sleeve Oppose rapid changes of flux through the core 


The use of the heavv, embossed mature and a sleeve are 
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ited spring load ind 
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Also, the low 


flux decay by permitting relatively high flux values to be 


thre 
wuntamed by smaller circulating currents. However, to achieve better 
of the release times and to maintain stable adjustment during the 
the relays, the following additional features are used: 

Phe cores are annealed in a hydrogen atmosphere, chiefly to stabi 


the coercive foree of the iron 
Phe core and armature have a wear-resisting chromium plate finish 


tain the nonmagnetic gap between the embossed surface of the 


e and the core 
use ola sph rical embossing reduces variations in reluctance 
by small angular misalignments between the armature and core 
leeves are avail ible including light, medium and hea Vv cop 
and a lheht aluminum sleeve These sleeves provide Various 
suse time 
the relav to control the operated 


vy is provided Ol 
2S the buffer 


time \s shown Ih hig 
t the end of the middle core leg \s 
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sport 
fore the release 
normally tensioned agains 
tv operates, however, the card strikes the adjustable tab in front 
eg and lifts the spring away from the core so that the 
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the operated load of the relay. The spring 
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l Lab. Record, April, 1948, p. 161 
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be adjusted so that the load may be picked up at any desired point in 
the armature travel 

When a relay is designed for a specified release time, the spread be 
tween maximum and minimum times obtained with a particular sleeve 
is usually greater than desired. Accordingly a sleeve is selected which 
under normal conditions would produce a somewhat longer time than 
the specified value. This time is then reduced, as needed, by increasing 
the buffer spring tension 

Typical release times plotted as a function of the contact load tor AG 
relays with and without sleeves are shown in Fig. 29. Since this figure 
illustrates release times that are characteristic of the various sleeves, no 
buffer spring tension is assumed. As would be expected, the heavier 
sleeves produce the longer release times, which are also greater for relays 
with fewer contacts. Even the light aluminum sleeve produces several 
times longer release times than no sleeve at all. For comparison, release 
times are also shown for the AJ relay, which has a magnetic structure 
similar to the AG but with nonmagnetic separators in place of the 
spherical embossing on the armature. The difference between the AJ 
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29-—Typical release times of AG and AJ relays. 
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kig. 31—Power used for AJ relays with coils designed for least 


\ special variety of AJ relay IS pro\ ided with twenty-four pairs ol 


make contacts as shown in Fig. 32. This relay uses four lavers of wire 


springs and a number of other special parts. As a result, it is often pos 


sible to use one twenty-four make contact AJ relay rather than two 


relays with fewer contacts on each 


12. WIRING THE REI 


Connecting wires to the wire spring relay terminals presented a prob 
lem which was solved not only for the new relay but by methods which 
have become important and useful for other apparatus also The solu 
tion came from the invention of a tool, first proposed by Hl 


wire 


\Iiloche,” for quickly and easily Wrapping the connecthig 
straight end of the wire spring relay terminal 

Karly suggestions lol making connections to the wire springs included 
various hooks or bends to simulate the common flat punched terminal 
having either a hole or notch to facilitate attaching the wire All ot 
these added some ¢ ypense to the manufacture of the relay Phe added 
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July, 1951, p. 307 
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VAAL UL ALAS 


mike contacts 


ind (2) the greater flexibility of the wire spring 


Opn ratpohs 


eaused some difficulty for the operator so that some increase 


in the time required to make a connection 


Vrapping tool was first Visualized as a simple, trigger operated 


ater as an air or electrically operated tool and still later as a 


ition tool to do additional operations including cutting and 


gy the connecting wire 
hough the wrapping tool was developed to solve a problem which 


the development of the wire spring relay, it was first applied in 


al practice by the Western Electric Company tor wiring to the 


relay terminals. Wrapped connections are now used exten 


th these terminals, resulting in an improved product at a lower 


tnaking Wrapped connections to either flat or round terminals, 


the expectation that tinned terminals and wire would be used 
ldered together to give a stable, low resistance junction. More 
‘ry it has been possible to show that soldering is not 
tain definite dimensional conditions are satisfied by the 


Wrapping tool Solderless W rapped connections will be 


In a separate paper 
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Fig. 33-—Muzzle of Wir- 

ing tool for making 

wrapped connections DIRECTION 
OF ROTATION 


big. 34- Muzzle of wiring 
tool showing terminal and 
connecting wire in posi 


tion ready for wrapping 





Fig. 35-—-Muzzle of 
wiring tool show- 
ing two turns wrap- 
ped by rotation of 
the inner cylinder. 
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iI app hid] Tool 


rangement and action of a wire Wrapping tool is 
are a number of dimensions of the tool and ot 
have engineering Importance, lor the purposes ol 


paper, it will suffice to note that the radius, rR, and the wall thick 


producing the best w rapped eonnection 


i! mportant 
kigs. B34 and 35, the mnet member of the tool rotates 
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hig. 88 Wrapping tool ited by electric motor for factory use 
around the terminal which is inserted in hole , of the rotating member 
The connecting wire is inserted at B and is anchored by a slight fore 
against the outer stationary member of the tool. As the inner member 
rotates, the connecting wire is stretched and formed around the terminal 
until all of the wire length is used. It should be noted particularly that 
all of the wire is used, making it unnecessary to clip a wire end as in 
other wiring methods. This is an important detail in avoiding wire elip 
pings Which sometimes cause unwanted cross connections in wired equip 
ment units. The tool tip described can be operated by a hand trigger 
or by motor. Fig. 36 shows a hand powered tool primarily for installation 
and repair service. Fig. 387 shows a production type tool driven by ait 


pressure developed by the Western Electric ¢ fompany at the Hawthorne 


Works. big, 38 shows a tool driven by an electric motor used by the 


Kearny Works of the Western Electric Company. Fig. 39 shows a 


Wrapped connection on a wire spring relay prior to soldering 


Fig. 39--A wrapped connection on‘a wire spring terminal, before soldering 
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vrapped connection of 1 olderless type on a similar termi 
Fig. 40. Studies indicate that solderless wrapped connec 
sused with a wide variety of materials, including aluminum 
to note that a troublesome problem in wiring to the 

lav was solved by the dey clopment of a new method 


tself has become an important development with broad applica 


[hie Wrapped Conner tion W th o1 Without subsequent soldering has 


resuited ma better, more unitorm al d less costly connectlons made in less 


time than those ried by previous methods 


NOCLUSIONS 


1 dese ription has bee given ob anew type wire spring general purpose 
relay for telephone switching svstems. Although accurate manufacturing 
sts WI not be available for some time, the new relay Is expected to 
be substantially lower in cost. Pt prov ides major improvements In contact 
perrormahnee reduced power, lustet oOperallon and longer lite. The hew 
relay also covers a wider field ol application than anv previous general 
Purpose relay ino such characteristics as speed, slow release, margina 
operation, number of Contacts, et 
Important economic advantages include lower manutacturmg Cost: of 
relay itself and a reduction in switching systems costs resulting from 
equipment and reduced powet 
Phe new relay has shown considerable improvement in mechanical 
ife and in contact performance. The life of the relay is of the order ot 
one billion operations. These improvements can be expected to reduce 
the cost of maintenance of switching svstems appreciably. 
Lhe development of the new relay has called for a major cooperative 
fort of many sections of Bell Telephone Laboratories, including such 
departments as Switching Apparatus Development, Switching Systems 
engineering, Switching Systems Development, Research, Materials, 


Chemical, ete. Without the cooperation of the many members of these 
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organizations and their special skills, this development would not have 
resulted in the important and balanced design which has been described 
Throughout the development, the associated organizations in the West 
ern Electric Company and the American Telephone and Telegraph 
Company have made important and guiding contributions, and the New 
York Telephone ( ‘Company has cooperated in field trials. 

\s the spokesman for the project, | wish to express appreciation to 


the many people who have contributed to this important technical 


accomplishment. The few names which have been mentioned in. the 
paper were given for historical reasons and cannot replace the large 
number of Important contributors to the project. 

To D. C. Koehler, [am indebted for assistance in preparing the paper 
and the illustrations. 








Comparison of Mobile Radio Transmission 
at 150. 450. 900. and 3700 Me 


By W. RAE YOUNG, JR. 


er perimer fs. a COM PATLSON 18 piade of the transmission 

10. 900. and B00 me in a mobile radiotel phone Li pe 

COM Parison nodicale that {50 me is SU pe rior transmission 
pie hand rn ourban and suburban aredas, In 

pe rlormance talls in the ue ighborhood 0 SOO pid 

ande of red wneies would be well suited for pro 


ree NCO necd 


which are anticipated am and 
Lthough }, he CUMETETES are less desirable, 
heate that GOO om ) what to be favored over 150 me troma 
fand po nt / ise 78 made of the possible antenna qain 
enc } MISSION pe rFOrmance falls off eve nN aSStiniNG the 
Transmission at S700 me suffers an 

ueluations in received carrier level occu 

mobile anit moves at normal speeds lt Ix Con 

sion above oughly L000) me for these NE TLICES TS 


, aT, } } 
ecidedtiy more ditheult fo emplol these frequen 
af f 


beginning of mobile radiote lephone services offered by the 





Companies, both “general”? and ‘“private-line” types, it has 
varent that the number of channel frequencies then allocated fon 


vould not be sufficient to meet the service needs in the 


these needs will be for service in urban and suburban 
business activities are concentrated. These areas are now 
few individual FM. ehannels. in the vicmity ol 150) me 
larger number of channels, needed to meet anticipated de 


deve lop tmore efficient svstem,. are not to be found IN) thre 
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150 me region. This space is already allocated fully and permanently to 
a variety of other services. In fact, this situation extends up to about 
100 me. The larger number of channels tor these services apparently will 
have to be found, therefore, above 400 me. 

However, it is essential to know whether these higher lrequencies 
would be suitable for urban mobile telephone service, or whether there 
exists an upper limit to the suitable frequencies. In order to answer these 
questions, a series of tests has been made to compare the adequacy of 
coverage that could be provided at several representative higher frequen 
cies. These tests were conducted in and around New York City. This 


location is considered to be typical of the larger metropolitan areas 


THE PROBLEM OF EVALUATION 


It became apparent early in the tests that it would neither be practical 
hor accurate to compare service results for the different frequencies by 
the method of determining the coverage at the various frequencies, ana 
then comparing these. This would have required, among other things, 
that “coverage” be defined precisely and then measured accurately in 
order to determine the differences with the desired accuras \ 

Instead, it was recognized that commercial coverage is at present 
considered to extend into areas wherein a small percentage of the loca 
tions will have less than commercial grade of transmission. This might 
be ten per cent, lor example. It was further recognized that, while there 
existed a trend of performance with frequency, Comparative tests at any 
one location showed variations trom that trend. Thus, even if trans 
mitter powers were adjusted so as to offset the transmission effects of 


that trend, performance at any location would not be equal at all fre 


quencies. But while one frequency might give relatively poor trans 


mission in one location, it might give good transmission at another 
location, ete. Thus, while the locations of poor transmission were found 
to be different at the various frequencies, the number of such locations 
would be the same at all frequencies, provided the trend had been offset 
by adjustment of transmitter power. 

Viewing the problem in this Way, 1b Was sufficient to test at enough 
locations in representative territory to establish this trend in a statistical 
Taher, 

Other problems in evaluating differences ino suitability of different 
frequencies lay in how to take into account differences in 
antenna gains and differences in frequency stability. These will be dis 


cussed in the next sections. 
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WVER-ALL RESULTS 


Phe results of many measurements of path loss between a land radio 
smitter and a mobile receiver establish 


a trend of loss increasing 
h frequency. This is illustrated in Fig. 1 by the ‘crosses’ which show 
stre nyths of the reeeived signal ul higher lrequencies as compared 
those at 150 me Che derivation of the values given by the crosses 
ill be discussed ina later section In the other direetion of transmission 
appears justified, based upon re iprocal relationships, to assume that 


path losses from mobile transmitter to land receiver will follow’ the 


Same trend 


However ilthough the received signal is seen to decrease with fre- 
he amount ot received signal which Is required to produce 
y communication also changes with frequency. The median 
nal required at a mobile or land receiver at various frequencies 

* noise is given in Fig. 2. The dots here represent the 
inv measurements 
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Transmitter power required to achieve the same service result at 
Various frequencies has been derived by taking into account the changes 
of path loss with frequency and also the changes of signal required with 
frequency. Fig. 3 shows the amounts of power that are required in order 
to achieve the same coverage in all cases as is now obtained at 150 me 
with 250 watts of land transmitter power radiated from a dipole. As 
shown, the use of 


an antenna having gain can appreciably lower the 
land transmitter power that is required. The mobile transmitter power is 


much less than required of a land transmitter due to the assumption 
that there are six land receivers located appropriately in the coverage 
area, rather than Just one. 

It is apparent from Fig. 3 that the required transmitter power is a 
minimum in both directions of transmission at around 500 me. It is also 
apparent that above this point the required transmitter power increases 
rapidly with frequency. 
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iput required for urban and suburban 
Oo be quarter-wave ships 


needed at this point about the gam antennas 


ves of Fig. 3. These are antennas 


oncentr: radiation toward the horizon in all directions 


amount of gam were based upon the considerations (1 


radiating elements greatet than about 50 feet in extent 


tical to build for this service, and (2) that the vertical 


| 1 less than about 2 degrees In order that 


beam shot 
Phe amounts of Valli possible within 


issumed to be quarter-was 
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Use of gain antennas for the land receivers would result in still further 
lowering the required mobile transmitter power. This is not shown on 
Fig. 3 because the amount of reduction cannot be accurately stated on 
the basis of present knowledge. It appears certain that the reduction 
will be at least equal to the antenna gain, and may be appreciably more 
than this, as madicated later 

The system modulation and pass-band were assumed in the above 
discussion to be the same at all Trequencies This would not be realisti 
if the tolerance allowed for frequency instability were a fixed percentage 
of operating frequency. It may be justified, however, because the neces 
sity for frequency economy and for best transmission performance 
demands better percentage stability at higher frequencies 


A spot check of transmission, observing circuit merits by listening, 


has been made to determine the validity of the above results in a ve ry 


general way. Land transmitter powers were adjusted so that the equiva 
lent dipole power at 450 me was 3 db less than at 150, and power at 
900 me was | db less than at 150 me. This approximates the powers 
shown on the “dipole” curve of Fig. 3. The map of Fig. 4 shows the 
results of this test. While the comparison of cireuit merits generally shows 
u preferred lrequeney at any given location, the performance appears to 


be about equal when all locations are considered 


TEST EQUIPMENT ARRANGEMENTS 


Tests of transmission outward from the land transmitting station were 
made on signals radiated from antennas on the roof of the Long Lines 
Building, 32 Avenue of the Americas, New York City These antennas 
were 450 feet above ground. One of the existing Mobile Service trans 
mitters served for the 150-me tests. Special experimental transmitters 
were set up for the 450, 900, and 3700-me tests. All were capable ot 
frequency modulation 

The mobile unit was a station wagon equipped toreceive and measin 
signals at the various frequencies. The receiving equipment was ar 
ranged fon rapid conversion trom 150 to 450 to 900 me. The bandwidth 
about 50 ke) and system modulation (+10 ke) were identical at all 
three frequencies (equal to the existing standards at 150 me). The 3700 
me tests were handled separately. It was not possible to employ the 
same bandwidth and deviation, but this does not invalidate the com 
parison of signal propagation at the various lrequencies. 

\ most useful tool in making these measurements was a device known 
asa “Level Distribution Recorder’, or simply “LDR”. This was built 
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especially for these tests and is similar to its forerunners which have 
been used in the past for measuring atmospheric static noise. The LDR, 
in combination with a calibrated radio receiver, is capable of taking as 
many as twenty instantaneous samples of radio signal strength per se¢ 
ond, sorting the samples by amplitude, and rendering information on a 

batch’ of samples from which a statistical distribution curve can be 
plotted. The LDR was also used for measuring the statistical distribution 
of audio noise in the output ol the radio receiver. The LDR was, in this 
case, associated with a special converter whose characteristics resemble 
those of a 2B noise measuring set. 


No arrangements were made for measuring radio propagation trom 


mobile unit to a land receiver, It Was felt that the comparison by tre 


quencies would be substantially the same as in the outward direction 
of transmission. It does not follow, however, that the background electri 
cal noise, against which an r-f signal must compete, will be the same at 
mobile and land receivers. Strength of r-f signal required at land recei\ 


ers for satisfactory transmission Was measured at several typical locations 


RECEIVED R-F SIGNAL STRENGTHS AND PATH LOSSES 


The first factor in evaluating mobile radio transmission is the strength 
of the r-f signal which is received. This is inversely related to the loss in 
the r-f path. The mobile units of a mobile system are either moving 
around or, if stationary, are located at random. Since the effects of the 
many geographical features, buildings, and the like, which influence 
propagation can combine differently for different locations of a ear, even 
where the locations are only a fraction of a wavelength apart, the only 
meaningful measure of signal strength is a statistical one. Such statistical 
answers were obtained by making and recording many mstantaneous 
samples of field strength with the aid of the LDR. mentioned above. 

It is of interest to note that whenever the sample measurements were 
confined to a relatively small area, say 500 to 1000 feet or less in extent, 
the amplitude distribution of these samples tended strongly to follow 
along the particular curve known as a Rayleigh distribution. Such a 
curve and a typical set of experimental points are shown in Fig. 5. The 
same distribution was obtained at all of the frequencies tested, including 
3700 me. The rapidity of signal fluctuation, as the car moved, was pro 
portional to frequency, but this does not affect amplitude distribution. 
Such a distribution could have been predicted if it had been postulated 
that the transmitted signal reached the car antenna by many paths 
having a random loss and phase relationship. It is thus inferred that in 


general the signal reaches a car by many simultaneous paths. 











YSTEM TECHNICAL JOURNAL, NOVEMBER 1952 


hape of the distribution known, only one other value need 
order to speci the propagation to such a small area. This 
he median, the average, the rms, or any single point on the 
one used most often here is the median, that is, the value 
larger than 50 percent ot the samples and smaller than the other 
\feasurement of the median value by this statistical method 
nd to be accurately reproducible, and therefore is presumed to be 
Successive batches of 200 samples each, all covering the same 
elded) mecdinat ilues which differed not moce than 0.5 db 
f the conditions changed; Le., transmitter power, antenna 
bration remained the same. This accuracy may 
s realized that individual samples differ tre 

is much as 30 to 40 db 
presumed at the outset of the tests that the different frequencies 
} t cifferent propagation trends with distance. For this reason 
grouped by distance. In presenting these results, 
nt to express the measurements of received RE signal in 
By this it is meant the loss between the input to a 
ter and the output of a whip antenna on 
of course, the same distribution 

are PIN 
slues represent the loss 


i dipole antenna at one end of the path 


Vive Whip at the other end Thev are shown 


ce from the land station. For distances under 
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ten miles the data are the result of tests in Manhattan-and the Bronx 
For each distance a test course was laid out approximately following a 
circle with that distance as a radius. The data for ten miles and greatel 
distances were obtained on two series of tests along radials from. the 
land transmitter, one of which followed Route | through New Rochelle, 
N. Y., and the other followed Route 10 toward Dover, N. J. For refer 
ence, a curve has been given on each of these figures which shows the 
computed loss based upon the assumption of smooth earth 

\ curve labeled “1 per cent’ means that in one per cent of the sample 
measurements the loss was less than that indicated on the ordinate 
The meaning of the labels on the other curves is similar. The curve 
labeled cr) pel cent” Is, OF Course, the median, 

It will be apparent that the assumption of smooth earth is not applica 
ble to the area tested. The data for median losses are in the order of 30 db 
greater than the value computed over smooth earth. This additional loss 
may be thought of as a “shadow” loss arising from the presence of many 
buildings and struetures 

The distribution of losses given in these three curves is wider thar 


the Ravleigh distribution of Fig. 5. This is because the data for each 
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.6—Measured path loss at 150 me in Manhattan and the Bronx and suburbs 


Note: Data for 10 miles and greater were.taken on Route | toward New Rochell 
and on Route 10 toward Dover 
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ured path 


10 miles and grea wer tuken on Route 1 tow urd New Rochelle 
toute LO toward Dov 


distance are a summation over many different locations rather than a 
set of samples eovering one location 

Phe data for ten miles and further from the transmitter were taken 
on routes through suburban areas. The losses at twelve miles appear to 
be less than the average trend indicated by the curves. This is because 
data taken at the top of the First Orange Mountain weigh heavily at 
this distance. It is of interest to note that the losses at distances of ten 
miles and over are 6 to LO db less than might have been predicted from 
the trend at smaller distances, where the measurements were made in 
eity areas. This probably reflects the fact that there is a considerable 
difference in the character of the surroundings, such as height and num 
ber of buildings in the suburban territory as compared with the city 


itsell 


Che median curves of loss have been replotted for three frequencies 
| 1 


on Fig. 9. This permits a better comparison with frequency. Except very 
close to the transmitter, the performance at the various frequencies seems 
to differ by an essentially constant number of db, while exhibiting the 


Same tren vith distances Che similaritv between lrequencies IS appar 
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ently much greater than the similarity between the median value and 
the value computed over smooth earth for any given frequency 

It was not possible to get complete enough data to plot a curve for 
3700 me similar to the ones mentioned above. The test setup at this 
frequency was limited by transmitter power and receiver sensitivity 
Only those locations for which path loss Was relatively low could be 
tested. A COMpPaArisol Of results at these locations Is given in Figure 10 


‘The curves labeled bom.) 2 mt.’ and “4 mi.” for Manhattan are the 


me Lien values obtaimed nlong test routes which followed cireles of ce 
and 4 miles radius trom the transmitters. The other curves refer to 
selected small areas at greater distances on the Hutchison River Parkway 
and New Jersey Route 10, as indicated. Although the data at 3700 me 
not extensive, the trend with Irequeney seems clear 

\lore specie data tor path losses measured along the routes toward 
Dover and New Rochelle are given in Fig. 11. Each value plotted here is 
the median of about 200 samples taken in a small area at the distance 
indicated. The strong effect of the First and Seeond Orange mountains 
at fourteen and sixteen miles on the Dover route is of interest 

The coverage desired in these mobile telephone systems extends into 


suburban locations. It follows that a comparison ol coverage by the 


wee ye 
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Nieasured path loss at 900 me in Manhattan and the Bronx and suburbs 
Note: Data for 10 miles and greater were taken on Route 1 toward New Rochell 


ind on Route 10 tow ird Dover 








NOVEMBI 





Ipoh measurements taker i the 


and Dover SCTICS hist 
given in Figure Lt. Each ot 
relative to 


i Pine 


ic Ni \ ko helle 
ts and the curve 
ta given Trequency 


hen 


c been 


spread Indiente > that the 








MOBILE RADIO TRANSMISSION 
. 


DECIBELS 


IN 


— 


LOSS 


gepoenr 


OF PATH 


VALUE 
@ 
° 





EDIAN 


M 
rr 
} 





160 





DISTANCE FROM TRANSMIT 
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COMPpPALLISOn OF Trequeneles ts different at different locations. The 


“CTOSSES 


are the median values of these points, so placed that there are “us many 


pots above as below. The points Tor 3700 me are taken from the data 
ot big 10 The crosses of kig l are considered to he the most relinble 
all-around COMparison OF propagation at the different lrequencies 


RELATION OF SPEECH-NOISE RATIOS TO R-F SIGNAL POWER 


Speech to-hore ratios were mensured at all of the test locations bv the 


use of the level distribution recorder as described earlier. During the 


COUPSE of anv given test the audio howe Trom the recelvel varied COL 


siderably and these variations were recorded on the LDR. It was found 
by correlation between subjective observations of circuit merit and the 
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meadila Hiue Of TOs that the tatter s equivaient mm tome ettect to 
teady random hose of thie “nie Vaile | the | \I receiver, the level ol 


peect essentially not affected by the strength ol RE signal and so a 


measurement of the OUTPUL Norse ~ directly related to the speech to 
aise ratio. The speech-to-noise ratios given here are computed from 
nome mensurements by assuming that speech ot 14 vu level is applied 
to the fem a b pronnit vhere one milliwatt of 1.000 eveles tone would 
produce a 1O-ke frequency deviation The strength of the Spec h signal 
it the recerver output expressed i the same units as are used tor 


\s might have beet expected the mediat speech to-hoise Tatios col 


eluate POrely vith the imounts of r-f signal received at the various 
Oculionr This correlation has been « iluated in order that the most 


kely relationship between speech-to-noise ratio and received r-f signal 
may be known tor the different Prequeneres These are shown hig 12, 
vhere each cirele represents the median speech to-horse value mensured 
tone test location plotted agamst the median r-f signal received at that 
ocation. The solid lines have been drawn in to show the trend. The 
ending at the top of the curve is inconsequential. It only represents 
t imposed in the test setup by tube microphonic noise, vibrator 
LLOIse wt Phe curves show, lol example, that It) ordet to produce ui 
oOmmercial grace Ol TPa&USMISSIOn, which requires a 12 db speech toO-noise 
itio, the median r-f signal must be 122.5 db below one watt at 150 me 
Phe data vIVel in big 12 pertain ot lv to the suburban locations 
\Measurements in Manhattan have not been included, even though they 
ndicate that larger signals are required, because the limit. of svstem 
( to be found in the suburbs. The data on the solid curves ot 
Kig. 12 have been used to derive the curve of Fig. 2 which plots the value 
ot Yr-l ryisa required “uit the mobile receiver for a commercial grade Ol 
transmission. The dotted curve of Fig. 2, which shows the median signal 
required in locations where noise picked up by the antenna is less than 
set noise, is based on the assumption of an S db noise figure for a practical 
150-me receiver, 11 db at 450 me, and 12 db at 900 me and higher 


Measurements have been made of the effeet of noise picked up by the 


wntenna at land receiver stations. These are expressed here in terms of 
the carrier strength required for just-commereial grade of transmission 


12 db speech-to-noise ratio) as compared with the value required when 
there is no antenna noise and only receiver noise is present. These com 
parison measurements were made by Injecting a steady carrier into the 
receiver With an antenna connected normally, and again with a dummy 


intenna connected. Although these tests were made with a steady rather 
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hOMmMLY \ v v Lis le hisat the comparative results Wi 
»>the random signal ine Hs We 
ere made at 150, 450 and GOO mi it four locations of interest 
! Lipoaole d 7 db gan ntenna Not all combinations were 
i, | enough to permif me ratere ng COMPALrisol The locations 
)y tie iv | ‘ Potabial u 24 tory bout dling l GAOoWhtow!l 
() the Ga \ k building, a P6-storv building (leo towh 
} 
() ne telephone Dulane Which houses the \Lelrose ( vchange, { 
bilding the oe ter of the Bronx 
{) ti % ory t¢ ephorne exchange biilding hi Lvubrook Long 
ible TP deseribes the generally prevailing noise situation at these 
0 Iligher morse Vas encountered occasionally at some of the 
fine it least one case to operation ol elevators in the building 
eve hese OCCHSLOI vere so briet and Intrequent that the general 
vr dof noise onsidered to bea better value to use in estimating 
| Perrormalnice 
‘ end toward lowe te nome at higher Prequeneres already noted 
mio @ jdstallatiol seen tO apply to land receivers as well 
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These data bring out another interesting an 


Hore coller ted by tt dipole anterny 


collected hy thr 7 alb Vvialh antenna at thr Sume site is, SUPPrIsiigly 


This meahis that the vu anterin pole ks Up fess Tholse powe! thisut tL dipole 


Since it picks up 7 db more signal from a distant car, a gain antenna 
thus provides a double improvement in transmissiot those tes ton 
Which ambient noise is controlling 

\n explanation of this behavior may be surmised if it is assumed that 
the sources of noise are numerous and are scattered around at street leve 
motor vehicles, mostly). The overall noise received is a sum of contri 
butions trom all SOUTCAS, weighted lor distance sand the recelving antenna 
pattern. A gain antenna of the type considered here tends to ignore thi 
strong nearby noise sources because thes are below the antenna beam 
The SOUPCES, which “ure nearly enough hh the beam to count ire al 
further away and are attenuated by distance 

The amount of data given in Table T does not seem sufficient to 


figure as to the amount ot Improvement obtaral 


rant stating a firm 
from a gain antenna. Tlowever, substantial improvement at 150) mx 

indicated, and this might have the effeet of bringing the value of mobil 
transmitter powe! required at 150 me down to the value required at 


150 me, assuming gain antennas in both cases 


L\ORNOW LEDGMENTS 


\ number of people participated at one time or another in setting up 
and carrying through these tests. [t is not possible to name them al 
but the principal participants were R. L. Robbins, R. C. Shaw, W 
Strack, D. IN. White, and PF. J. Henneberg. The program was supervised 
by D. Mitchell. The special radio equipment required was designed and 
I 


furnished by W 


Reichle and his group 











Common Control Telephone 
Switching Systems 


By OSCAR MYERS 


, ) , 

opment of dial tel phon } iw systems two fundamentally 
) 

angen rIS ha e been di MSC 10 controlling the ope rations ot the 


! ] j } 
one arranqeme f the siwiteh at each siecessiie Stage is directly 


the digit fhat ais being dialed. S istems USING this method of 
called direct dial control sistems. an ¢ cam pli heing the step 
as commonly used hi the By ll NS iste di In the othe r arrande 

mnformarhon Is stored for a short time hy centralized control 

ore being used in controlling the switching operations. Systems 
rangement are known as common control systems, ex 

© rota , pane l and crosshar The se tivo arrangements 

feconom ( fields OT line }, } reel dial control heing hy they suited 

hele phor e « change \ / ie COMMON controls fo thie larqe y 

hose nooele fropor areas A histor j of the evolution 


fy hv qs {SltEMS IS pre sents d, followed hi a AISCUSSION of 


‘ ; 
ts for various fields of ase 


1 


achines for switehing telephone connections started 

nvention of the telephor e, A forerunner of the step by 

lv and MeTighe ‘“‘girlless” telephone system,’* 

ISTO and the first patent on the Strowger step by step 

issued in TSOL. The first Commercial installation of auto 

vitching equipment was made at La Porte, Indiana, in 1892. This 
used step-by step mee hanisms 


v 1900's many telephone engineers regarded full automatic 


uneconomical but technieally feasible if restricted to single 


vith individual flat rate tines They were, however, un 


d MeTighe 
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certain about the future of this method of operation. It appeared to 
them that the greatest promise in the use of automatic apparatus was 
in distributing calls to manual “A” operators and in the elimination of 
the “B” operators. Consideration was being given to systems capable of 
operating on either a semi-mechanical or a full mechanical basis depend 
ing on whether the dial was located at the ‘A’ board or at the sub 
seriber’s station. Development was also under way to provide arrange 
ments for trunking calls bet ween dial offices and to overcome the numerous 
weaknesses and deficiencies of existing dial systems 

The Strowger Company, the Bell System, and several other companies 
were planning or developing automatic and semiautomatic systems at 
that time. These included the full automatic, the network automatic, 
the automatic operator, and the semiautomatic. Short deseriptions of 
some of them follow 


RKARLY FULL AUTOMATIC SYSTEMS 


The full automatic systems were mostly direct dial control. They 
included the Strowger, the Western Electrie 100-line and 20-line, the 
Clark, the Faller* and the Lorimer systems. 


The Strowger system of the middle L890’s provided L00-point two 


digit selectors, one for each line. For each group of 100 lines the i00 
outlets of each selector were multipled to the corresponding outlets of 
the other selectors serving the group. Each outlet of the group ran to a 
two-digit connector, each connector having access to LOO lines. Thus 
every group of 100 lines had 100 selectors and a maximum of 100 con 
neetors and could reach 10,000 lines in a full office. Each group of con 
nectors, up to the maximum of 100 connectors per group, had a multiple 
of 100 terminating lines. This was therefore a 4-digit single-office system 
theoretically of 10,000 lines capacity, requiring | selector and | connector 
per line. Subseribers in a given originating group of 100 lines had only 
one path to a particular terminating group of 100 lines. Since a selector 
Was proy ided for each line, no dial tone was necessary. The switches used 
the familiar up and around motion. The exchanges of this type that 
were installed were small, the largest being in the order of 1000-line 
capacity. This type was followed by a new arrangement when automatic 
trunk selection was introduced. This provided multiple paths to each 
terminating group of 100 lines; the selector at this stage became a single 
digit switch 

The Western Electric 100-line system could actually serve only 99 


*U.S. Patent 686,892—Ernest A. Faller—Nov. 19, 1901 
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record does not disclose why one of the terminals of the svstem 

not be ussigned It used a rotary selector per line directly driven 

by a single train of pulses generated by a lever operated dial at the sta 
tion. The selector had 100 points and the number of pulses sent corre 
sponded to the number of the called line. The 20-line system was similan 

to the 100-line system 

The Clark system was a single motion rotary step-by-step system 
using 75-point switches which accommodated a maximum of 74 lines 
Here again there is no record as to why one terminal was not used fon 
tu dine It did not provide a busy test. There were no relays in this 


ystem 


\UTOMATIC OPERATOR’? SYSTEMS 


The Faller and the Lorimer systems were called “automatic operator” 
ystems but they were actually versions of direct dial. The Faller system 
is apparently never used commercially, but the Lorimer system was 

Phe inventors of the Lorimer system had several objectives. One was 
to produce a system which could be installed in 100-line building blocks, 
called sections. As little as one section could be installed and operated 
lone. Additional seetions in increments of 100-line capacity could be 
wided as required up to the limit ot 10,000 lines. Another object was to 
yet good contacts and they therefore employed switches with heavy 
contacts like those used in power switches. The power needed to drive 

vitches with such contacts led to the adoption of a common power 
drive for a number of switches instead of electromagnets individual to 
the switches, Still another aim was to provide a minimum of equipment 
on a per line basis and to provide equipment only to the extent required 
by traffie. Line relays were therefore omitted in early offices and the 
100-line sections were divided into divisions, maximum 10 divisions pet 


section, With arrangements for omitting divisions if not required by 


trathe. 
The Lorimer system was a direct dial system operated from a pre-set 


illing device. It had a line finder stage, a selector stage and a con 
nector stage. The ealling device, wound up bya crank, had four settable 
evers, one for each digit, each of which grounded one terminal in its 
own set of ten terminals corresponding to the digit set up. The levers 
also operated a visual indicator. In the calling device there was also a 
switch driven over its terminals by a magnet-controlled escapement 
Pulses were sent from the central office to control the escapement and 


the central office equipment was driven in synchronism with the station 
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switch until a grounded station terminal was found. The central office 
equipment was then stopped but the station switch continued stepping 
until the starting point for the next digit was reached. When the central 
office equipment was ready for the next digit the process was repeated 
until the called line was reached. 

The Lorimer system has now disappeared from the scene in spite of a 
number of attractive features. The reasons for this disappearance are not 
clear from available records, but some reasonable conjectures can be 
made. lor one thing, the pre-set calling device must have been expensive 
both in first cost and to maintain; it was also designed for a maximum 
of four digits and a re-design for more than four digits would have en- 
tailed substantial effort for developing both the calling device and the 
central office equipment. There is also some evidence to indicate that 
the system cost more than either step-by-step or panel. 


THE NETWORK AUTOMATIC SYSTEM 


The network automatic was a proposed form of semiautomatic in 
which the subscribers retained their manual instruments and were served 
by small unattended branch offices, each of which had a single group of 
trunks to a central operator office. On originating calls the branch offices 
acted as concentrators, automatically connecting calling lines to trunks 
to the central office where the operators were located and who asked for 
the called number as in straight manual practice. Called lines were 
reached through the branch offices by the operators at the central office 
who were provided with keysets to control the branch office equipment. 


SEMI-AUTOMATIC SYSTEMS 


There were several plans for other types of semi-automatic systems. 
Most of them contemplated replacing the “B” operator by a machine 
under control of the “A” operator. The plan of using machines under 
control of the ‘A’ operators to replace the “B’’ operators was operated 


successfully in Saginaw, Mich. with Strowger apparatus. A similar plan 


Was in operation in Los Angeles, and several groups of engineers studied 


improvements and variations. 


STATUS IN 1905 


The status of automatic switching by 1905 was this: there were several 
single office cities which had commercial installations of Strowget step 


by-step equipment with severe limitations even for this field of use; a 
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number of Western Electric Company 100-line and 20-line automatics 
vere in commercial service; a small amount of semi automatic equipment 
vas also in operation with the eyuipment under direct control of the “A” 
operator’s dial; and planning and development work were under way to 
remove some of the limitations and extend the field of use of the auto 
matic and semi-automatic systems 

The rotary dial was developed in 1896. However, many of the early 
systems did not use this type of dial. Various calling devices were used 
for a number of years. Among these were lever operated pre-set devices, 
kevsets of several types, and dials with holes (in one case as many as LOO 
In Which a peg could be inserted to act as a slop for an arm which was 
pulled around and allowed to restore. In all the early systems, regardless 
of the device used, the signals generated at the calling station directly 


] 
control le ‘a | the Selectlbons 


RECOGNITION OF NEED FOR ACCESS TO LARGER TRUNK GROUPS 


While mechanisms and circuits were being developed for direct dial 
control switching, work of a theoretical nature was going on which was 
to have an Important effect on tuture designs. This work consisted of 
traffic probability studies and observations the outcome of which was 
the development of formulae and curves on the efficiency of trunk 
groups Which influenced strongly the views of engineers as to the eco- 
nomical sizes of switches. G. T. Blood of the American Telephone and 
Pelegraph Company in LS9S found that the binomial distribution closely 
fitted the observed data on the distribution of calls. The first compre 
hensive paper on the matter was one by M. C. Rorty in 19038, A pplication 
of the Theory of Probability to Traffic Problems. Curves accompanying his 
paper indicated that trunking efficiency improved with group size. Subse 
quent work by E. C. Molina in postulating that the grade of service 
experienced by a particular call applied to every call in the office and 
in developing the Poisson approximation to the binomial expansion 
formed the basis for trunking theory as used in the Bell System. Fig. 1 
is a reproduction of three curves produced by Molina on July 6, 1908, 
showing the average load carried by various numbers of trunks for three 
probability conditions namely P.OL, P.OOL and P.OOOL corresponding to 
in all trunks busv condition encountered by calls once in a hundred, 
once ina thousand, and one in ten thousand times respectively. From 
these curves it can be seen, for example, that ten trunks can carry a load 
averaging slightly over four calls with a probability of loss of P.O1 


Twenty trunks can earrv an average of over eleven simultaneous calls 
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with the same P.OL loss but with an increase of efficiency of 15 per cent. 


The efficiency rises from 41 to 56 per cent. 


EVOLUTION OF PRINCIPLE OF TRANSLATION 


These studies had considerable effect on the trend of system design 
kor example, it appeared that grouping subscriber lines on the con 
nectors in groups of more than 100 might result in some economy and 
that other economies were possible if the limitations imposed by decimal 
selections were ay oided 

However, a new invention, namely translation, was required betore 
systems could operate with large access switches and non-decimal sele¢ 
tions. Translation is a mechanical rearrangement which permits con 
version of the decimal information received from the dial to non-decimal 
forms for switch control and other purposes. When translation is made 
changeable by some means such as cross-connections, it is the basis of 


much of the flexibility of common-control systems. Translation Was first 


proposed by E. C. Molina late in 1905. A patent application*® for a 


Translating and Se lecting Sistem was filed on April 20. L906 














6 8 r 
AVERAGE LOAD CARRIEL 


Fig. 2—Bypath system 


* Patent No. 1,083,456 issued to Ie. C. Molina, Jan. 6, 1916. 
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\ neces ary leature ot systems employing translation of a series ot 
digits such as an office code is digit: storage. [t was only a small step 
from the concepts of translation and digit storage to arrangements which 
provided these features ino common circuits. Common controls with 


translation were first employed in the rotary system 


Pik ROTARY AND PANEL SYSTEM DEVELOPMENTS 


the rotary system was a full-fledged common-control system using 
register-senders to store the dialed information, to translate it to control 
the two-hundred point ten-level power-driven switches in selecting out 
going trunks from the originating offee and in making line selections im 
the terminating office, The translation of the digits used for selecting 
trunks was changeable, but the translation of the numerical digits was 
fixed in permanent Wirtng ol the registel! senders 

Ina search for less expensive cabling arrangements than those required 
by the rotarv system, the panel bank emploving punched metalhe strips 
was developed. Each bank in the selectors of this system can accommo 
date 100 outlets with three wires per outlet, and five banks are stacked 
into a frame over which 60 power-driven selectors can hunt. For several 
veal tarting in 1907, parallel development of the rotary and panel 
systems was earried on and desirable features of one were incorporated 
ini the other. The panel svstem also has register-senders with changeable 
transiation for selecting trunks and. fixed translation for controlling 
ections in the terminating equipment. The major differences im the 
early designs of rotary and panel were due to the different access of the 
twosvstems and to differences in the methods of controlling the selectors 
Both pane! and rotary use revertive pulsing to control the selections 
With revertive pulsing as the selectors progress they send back pulses 
vinch the sender counts. When a selector reaches the desired position, 
the sender stops it by opening the pulsing cireuit. Both panel and rotary, 
ike the Lorimer svstem, use a continuously operated power drive com 
mon toa number of switches because the mereased size of switch which 
the 


reater aecess of these systems required, made a separate powel 
drive economical 

Phe panel and rotary svstems were originally designed for semi 
mechanical operation with automatic distribution of calls to operators 
isa possible adjunet and with provision for full automatic operation i 
t proved desirable, by locating the dial or some other calling device at 
the subseriber’s station rather than at the operator’s position This was a 
rensonable polsn wher dey clopment of these svstems was started Studies 


red ited that semi mechantiesl <Vstems could reduee the number ot 
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operators required by an amount ranging from 30 to 50 per cent by 
eliminating the “B” operators and increasing the efficiency of the “A” 
operators. At that time, full automatic systems were subject to a numbet 


of shortcomings such as the complications and unreliability of the pulsing 


device at the subscriber’s station, the need for a local battery at the 
station, and the lack of arrangements for party line and message rate 
service. Furthermore, there was considerable doubt as to the ability ot 
the subscriber to dial with acceptable accuracy the six or seven numerical 
digits required in some of the multi-office exchanges. 

There was an acute need for relief from the difficulties of manual 
operation after the start of World War I. Telephone growth was so rapid 
that it appeared for a time that the demand for new operators, particu 
larly in the large cities, might outstrip the available supply. Competition 
from other industry for female help was also increasing. As more offices 
were added, the situation was further aggravated by the increasing com 
plexity of operation. On account of the increasing number of trunked 
calls, the growing number of central offices, and the increasing amount 


of manual tandem operation, the quality of service was being degraded 


DEVELOPMENT OF A LARGE CITY NUMBERING PLAN 


By 1916, the full automatic system (Strowger) had established a 
competitive position with manual for single-office cities, and both manual 
and full automatic offices were considered to be more economical than 
semi-mechanical for such cities. Because the number of dial pulls for a 
single office was four or less, little concern was felt about dialing accuracy 

For the multi-office cities it appeared that full mechanical operation 
would improve service and be more economical than either the semi 
mechanical system or manual and would reduce the pressing need for 
operators. However, in spite of these factors urging the adoption of a dial 
system and even though automatic equipment was actually used in Los 
Angeles and Chicago in the first decade of the century, there was a 
reluctance to adopt full automatic operation in the very large multi-office 
cities because of the lack of a suitable numbering plan. A cumbersome 
plan was under consideration for handling dial traffic in these cities. This 
required the use of seven-digit numbers with the dial customers being 
called on to use arbitrary three-digit numerical codes for the office 
names, At the same time, the existing office names would be retained 
for use by the manual customers. Adoption of this dual arrangement 
would have required the provision of a cumbersome directory, but worse 


than that, it was felt that dialing seven numerical digits would be too 
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confusing to customers and that consequently there would be an exces 
sivesnumber of dialing errors. It was therefore planned to use semi 
mechanical operation for cities like New York, retaining an operator 
between the customer and the machine. While this scheme did not save 
as many operators as the full mechanical method, it was believed neces 
sury to have trained operators so that the customers would not be sub 
jected to the complications of dialing. Under the proposed arrangement, 
the customer would pass the office name and number orally, and the 
operator would substitute the dial code for the office name and key or 
dial the code and number into the machine. Trial installations of the 
semi-mechanical panel system placed in service in the Waverly and 
Mulberry offices, Newark, N. J., in 1915 demonstrated that this method 
could provide relable and improved telephone service under severe 
conditions 

However, in L917 WoC. Blauvelt of the American Telephone and Tele 
graph Company proposed a numbering plan which would permit the cus 
tomer to dial up to seven digits with acceptable accuracy and which 
vould also be satisfactory for manual operation, This arrangement con 
sisted of the use of one to three letters and four numbers. The first one, 
two or three letters of the office name were printed in bold type in the 
directory as an indieation to dial customers that these were to be dialed 
ahead of the four numbers. Manual customers used the office name as be 
fore. Letters as well as numbers were placed on the dial plate in line with 
the tinger holes of the dial. This proposal was immediately adopted and 
further Bell Svstem development proceeded along the lines of full auto 
matic operation. The Bell Svstem planned to use the panel system in large 
cities not only because of the trunk efficiency which was possible with the 
use of the large panel switch, but also because trunking, being ho longer 
under direet control of the dial in this system, was divorced from num 
bering. The p inel system was also attractive because it had flexibility fol 
growth and for contingencies such as the introduction of new types of 
service, These advantages would be provided by the common senders and 


translators of that svstem 


KARLY INSTALLATIONS OF COMMON CONTROL SYSTEMS 


Karly in LOLS tentative schedules were set up for 6-digit panel offices 
for Kansas City and Omaha and late that vear a 7-digit office was recom 
mended for the Pennsvivania office in New York City. When the Atlantic 
office in Omaha was placed in service on Dee. 10, 1921, it became the 
first commercial installation of a full automatic panel system. 


Commercial mstallations of rotary equipment preceded the first com 








COMMON CONTROL SWITCHING SYSTEMS L095 


mercial panel offices. A semi-mechanical rotary system was installed in 
Landskrona, Sweden, in 1915 but remained in service for only a short 
time. A similar system was installed later in 1915 in Angiers, France 
The first full mechanical rotary installation was at Darlington, England, 
in 1914. This system is still in service. 

A common control system using Strowger switches, the director sys 
tem, was developed in 1922. This development was prompted by the 
desire to provide automatic equipment in the London, England, multi 
office exchange where the layout of the outside plant required consider 
able tandem trunking if a reasonably economical trunk network was to 
be achieved. All of the outside plant in London for the manual system 
was underground and it was required that this arrangement be retained 
when dial equipment Was installed. This tended to fix the routes of tele 
phone cables and to make it expensive to open new direct routes as new 
offices were opened. The trunking economies of tandems were extremely 
desirable under this condition and common controls with translation 
were necessary for a practical scheme capable of operating with the 
tandems. The director scheme, which in principle parallels the sender 
translator scheme of the panel system, was designed to meet this situ 
ation. The director system was first placed in operation in Havana, 
Cuba, in 1924 and later in London in 1927 


EVOLUTION OF THE MARKER PRINCIPLI 


In retrospect, it is obvious that the development thinking up to the 
early 1920's was limited by the belief that it was necessary to have the 
selectors do the testing for idle trunks even with common controls. This 
arrangement had been successfully used in the step by step system and 
it was natural to follow the same plan in the panel, rotary and director 
systems. Subsequent development of the common-control idea, starting 
with an experimental “coordinate” system in 1924, has resulted in 
marker systems in which the trunk testing is done by the markers 

The coordinate system derived its name from the method of operation 
of its switch, the process resembling the method of marking a point by 


the use of coordinates. The switch was essentially a large version of the 


crossbar switch and selected and held a set of crosspoints by the opera 


tion of horizontal and vertical members. Translation of the called office 
code, selection of a trunk, and operation of the switches to connect a 
transmission circuit to the trunk were functions of a new circuit, the 
marker, which the sender called into use for a fraction of a second after 
it had received the office code digits. 

When the marker does the testing for idle trunks the trunk access from 
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i particular switch is no longer a limiting factor in the size of the trunk 
group. Once markers were invented it became possible to design systems 
using markers to do the trunk testing and any type of switch to do the 
connecting. When a trunk has been selected by the marker, the appro 
priate switches can be operated to connect to the marked terminal. The 
maximum size of trunk group need not be limited by the number of 
terminals on one switch. With a primary-secondary switch array groups 
much larger than those accessible on a single switeh can be handled 

The coordinate system was not developed for commercial use. The 
first commercial marker svstem was PResident 2, a No. 1 crossbar office 
eut into service in Brooklyn, New York, in February, 1938. Improved 
crossbar systems have been developed since then including No. 5 eross 
bar and several types of toll crossbar svstems 

Phere is an interesting sidelight on the development of crossbar svs- 
tems. The crossbar switch was invented by J. N. Reynolds of the Western 
Klectric Company in 1913.* At that time proposed plans for using this 
switch assumed that it would be used as a line switch. The arrangements 
did not appear attractive and no serious attempt was made to develop a 
commercial system using the switch either as a line switch or as a selector. 
\ number of vears later an improved version of the crossbar switch was 
developed by the Swedish telephone administration. Their plans con 
templated the use of the switch as a selector in a direct dial control 
-vstem. In 1930 W. H. Matthies of Bell Telephone Laboratories visited 
sweden and, impressed with the possibilities of the switch, ordered 
amples from Sweden after his return to the United States. Work was 
tarted to improve the switch and to develop a modern system around it, 
Phe crossbar switch, as previously mentioned, was a small version of the 
coordinate switch and the development of No. 1 crossbar was therefore 
sturted on a plan Which was based on principles used in the coordinate 
system some of which had been suecessfully applied to the panel svstem 
vith the adoption of the deeoder in 1927 


rYPES OF COMMON CONTROL SYSTEMS 


Four basic variations have been used in systems with Common con- 
trols. These are (1) digit storage in common circuits on a decimal basis 
and control of switches by the stored digits without translation; (2) digit 
storage in the common circuits on a decimal basis, fixed translation and 
control of switches in a fixed pattern by the translated information; (3) a 
modification of the preceding plan in which the translation can readily 


*U.S. Patent No. 1,131,734 0. N. Reynolds -issued March 16, 1915 and re 
issued December 26. 1916 
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Fig. 1 Curves developed by Ek. C. Molina for trunk engineering 


be changed for any item of trafhle; and (4) a still further variation where 
the function of hunting for an idle path is removed from the selectors 
and placed in new circuits called markers, Kavdeeariation resulted in 
improvements over preceding methods of operation. 

The first plan is the simplest but also the least flexible. An advantage 
of this arrangement as well as of the other plans which also store the 
digits over step-by-step is that the interdigital time does not contro 
the group size. By-path systems are examples of this method of operation, 


A system of this type is shown in Fig. 2. By-path systems use an auxiliary 


switch train that is under direct control of the dialed pulses to set up a 


connection. The talking circuit is then established over a parallel system 
of switches. The auxiliary train releases after the talking connection is 
set up and is available for use in setting up other connections. The Lori- 
mer system avoided the penalties resulting from hunting during the 
interdigital interval by storing the digits at the station. 

A further step in the direction of flexibility, but with added compli- 
cation, can be taken by a fired translation from a decimal to a non- 
decimal basis, 1.e., a form of translation wherein a given decimal digit 
or a set of decimal digits is always changed into the same predetermined 
non-decimal equivalent. This permits the use of switches with less than 
ten groups of outlets thereby providing economies by permitting larger 
groups of outlets with a given size of switch. 

\ third variation with still vreater flexibility than the first two, but 
also with greater complication, is a system with changeable translation 
Changeable translation is achieved by providing some means such as 
Cross-COnnMeCtTLONS for readily changing the output pattern of the trans 


lators generally for sets of digits us, tor example, for the called office 
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codes. Changeable translation of office codes removes the limitation 
that the trunks for a given office designation must be located in a definite 
position on the switches which is the necessary result of fixed translation 


Increased flexibility of numbering is now possible because office designa 


tion changes no longer require rearrangements of switch multiple. More 


economical arrays of SW itches are also possible because the switching plan 
can conform to trathe requirements without regard to numbering. Other 
advantages of translation —and as a practical matter, flexible transla 
tion -include the ability to operate with tandems, to operate with more 
than one type of outpulsing, and to operate with varving numbers of 
digits. The originating equipment of the panel system is an example of a 
system using changeable translation. This type of translation is also used 
for called line numbers as well as office codes in No. | and No. 5 crossbar 
thereby permitting these systems to shift lines for load balancing pur 
poses without requiring numbering changes 

Finally, there is the most flexible but also the most complicated plan 
of all in which the selection of paths and trunks or lines is divorced from 
the selectors and placed in markers. In this plan the size of group is not 
limited by the number of terminals that a switch can hunt over in one 
sweep. No. | crossbar is an example of a system using the marker method 
of operation. In this system a switch generally has access to only ten 
trunks but on any one call a marker can test 160 trunks distributed over 
a number of switches 

Typical common control arrangements for systems using translation 
are shown in Fig. 3 for the panel system and in Fig. 4 for No. 1 crossbar 

The advantages noted are, in each case, the fundamental ones. Many 
others are inherent in common control and some will be brought out in 
further discussion 

A number of common control systems embodying the principles dis 
cussed have been designed. Rotary, panel and coordinate have been 
previously mentioned. Although the coordinate system never reached the 
commercial stage as a complete system, some of its features were adopted 
in the panel system starting in 1927 with the introduction of the decoder 
to replace the original three digit panel translator which used special 
panel selectors and pulse generating drums to do the translating job 
This translator was limited in the digit combinations and number of 
three digit codes it could handle and also demanded a great deal of atten 
tion by the maintenance force. In place of the panel translators a small 
group of all-relay decoders, ranging from three to six, depending on 
trafhie, Was provided for each office. Senders were connected to decoders 


for about one-third of a second per call to obtain the information derived 
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lTrom translation of the three office code digits The connector for making 
the momentary connection of the large number of leads required between 
the senders and dle oders presented hew problems which were solved by 
the development of new relay preference and lockout circuits to permit 
is many simultaneous connections between senders and decoders as there 
vere decoders and to permit an even distribution of calls to decoders 
Decoder circuits were completely self-checking for trouble, proy ided ton 
second trig in another decoder when trouble Wiis discovered. and re 
corded troubles on a lamp bank trouble indicator 

In the early 1930's, encouraged by the success of decoders, the Bell 
Svstem started development of the No. | crossbar system with markers 
n both originating and terminating equipments and with improved 
features over the coordinate system which it resembled in many respects, 
Self-checking cireuits, second trials and trouble indicators which had 
proven highly successful in the decoder type panel system were important 
features of No. 1 crossbar. Automatic alternate routing and the ability 
to operate with non-consecutive PBX assignments were major new 
features introduced in this svstem Tot the first time. 

The subsequently developed No.5 crossbar system included a number 
of improvements, the chief of which from a common-control standpoint 
Was the use of common markers for originating and terminating business 


and the use of the call back feature in setting up the connection. In this 


vstem the common equipment records the calling line identification as 


well as the called number, and after setting up to the called line or 


outgoing trunk, breaks down the connection to the Common equipment 
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from the calling line and then re-establishes a connection back to the 
calling line. 

Common controls have been emploved by the Bell System in a number 
of systems in addition to those already mentioned. These include panel 
sender tandem, crossbar tandem, and No. 4, AdA and 4A toll crossbar. 


COMPARISON OF COMMON CONTROL SYSTEMS AND DIRECT DIAL CONTROI 
SYSTEMS 


Both direct dial control and common control systems have been de 
veloped to meet a wide range of situations tor both large and small 
exchanges but, as previously noted, direct dial control systems have 
found their greatest field of use in the smaller exchanges and common 
control systems In the large? ones. The reasons for this can be brought 
out by a discussion of some of the features which have an Important 
bearing OlL COsts, These include the features affecting numbering plans, 
trunking arrangements, flexibility, quality of service, maintenance and 


engimeering. A discussion of all the factors affecting costs will not be 


attempted. However, some of the more important ones will be covered 


RELATION BETWEEN TYPE OF SYSTEM AND NUMBERING PLANS 


The requirements of a good numbering plan are well known. A good 
plan must be universal, 1.e., must use the same number for reaching a 
called line regardless of the point of origin of the call in the area covered 
by the numbering plan, must permit dialing with acceptable accuracy, 
must permit directory listings that are readily understood by both dial 
and manual customers, and should use a minimum number of digits to 
reduce the labor of dialing. In small networks a satisfactory plan can be 
set up with almost any kind of system. However, especially in large 
networks, modern common control systems have outstanding acd antages 
with respect to numbering. 

These advantages of common controls are derived from the more 
flexible method of operation. Direct dial control systems use up the 
digits in the various stages of the switching operations whereas common 
control systems momentarily store them and can retransmit them. The 
result is that where direct dial control systems are used the numbering 
plan and the switching and trunking plans must conform whereas with 
common controls numbering, switching and trunking are not directly 
dependent on each other because the digits can be stored and translated 
The effects of these differences on permissible latitude in numbering 


arrangements can be brought out by some examples. 
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Direct dial control systems cannot operate economically with a uni 
versal numbering plan in a network requiring any given call to have the 
possibility of completion over a variable number of links. The need for 
operating in this fashion arises when calls may be completed directly to 
the called office or via one or more tandem or toll systems Numbering 
difficulties of : plat Which attempts to use tundems with direct dial 
control systems can be illustrated by reference to Fig. 5. Assume that 


\, B,C represent three direct dial control type offices in a 6-digit number 


ing plan area and that these are connected by direct trunks between 
offices. Office B is designated ACademy (22 on the dial) and office C is 


designated BLue Hills (25 on the dial). Analysis of the trunk layout in 


this network indicates, let us say, that trunking economies can be made 
by establishing a tandem and that the direct route from A to © is no 
longer economical as compared to the route via the proposed tandem 
Che digits 25 must now select a route via tandem. However, if we use 
both digits for selecting the route to tandem we have none left for select- 
ing the route to office C at the tandem office. Since this plan will not 
work, let us see what results if we assume that the tandem trunks are 
selected by means of the first digit Now all calls starting with the code 
digit 2 at office A must be routed via tandem and even though economies 
call for a direct route to the ACademy office from A we are forced to use 
the uneconomical route through tandem for this office. Actually we must 
consider the economy of routing the traffic for all offices whose codes 
begin with a given digit via tandem, or routing it over direct trunks, or 
we must change the designation ot one of the offices. We could, of course. 
adopt the undesirable expedient of using non-universal numbering, 1.e., 
numbering that varied by points of origin, as, for example, by introduc 
ing extra digits on calls through tandem from A to C and omitting them 
on calls from B to ¢ 


CA FFICE 


AC ADEMY (22) 


B 








sing scheme with a tandem ofhiee 
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It is a situation such as has been described which has led to the prac 


tice, in some cases, of putting offices whose designations begin with the 
same first digit in the same building in step-by-step areas. This, of 
course, leads to restrictions. 

Another alternative is to use selector repeaters. With these devices a 
‘“mitlaufer” action takes place in the local and tandem office selectors, 
i.e., both the local office selectors and the tandem office selectors follow 
the dial pulses until sufficient information is received to determine the 
route, whereupon the unneeded equipment is released. This equipment 
makes possible both the direct route to office B and the route via tandem 
to office C without an office designation change. However, selector re 
peaters are expensive and the cost of introducing them may be con 
siderable. They also waste some trunk and equipment capacity because 
selector repeaters operate by seizing both local selectors and tandem 
trunks on every call. More often than not, perhaps, it would be cheapet 
to forego the trunk economy than to introduce the selector repeaters 

Now take the same network and assume common control equipment 
ut all points. Prior to the introduction of the tandem the local offices 
translate the first two digits into information for selecting an outgoing 
trunk and then outpulse only the last four numerical digits directly to 
the called office. When the tandem is introduced, the translation at 
office A is changed to select a trunk to tandem on calls to BLue Hills 
and to tell the sender at A to spill ahead the code digits or equivalent 
information as well as the line number for these calls. For calls to ACad 
emy the existing arrangement is retained. There is no special problem at 
tandem since the code forthe called office, BLue Hills, is made available 
there. The translator at the tandem office tells the tandem sender to 
omit the office code digits in outpulsing to BLue Hills. 

There is an essential difference in the coding between direct dial con 
trol and common control which is obscured by the use of the same codes 
in the examples. In the direct dial control case the codes are route codes 
(sometimes called group codes); that is, the digits directly correspond to 
the route through the switches and are expended in the switching oper 
ations. In the common control case they are destination codes and it is 
not necessary to have them conform to the route nor are they used up 
in the switching process. Only common control systems can operate with 
destination codes. Therefore common control systems are required where 
it is necessary to route calls to some offices by direct trunks and calls to 
other offices Via tandems without numbering restrictions. 

Another example of a numbering difficulty with direct dial control 
systems tracing back to the use of route codes, is illustrated by an 
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extreme example in Fig. 6. This figure shows a miulti-switch route 
through four automatic intertoll switching systems, A, B, C, D, to a 
ustomer whose listed number is 2345 in the central office, MAin 2. 
\EAin 2 is in numbering plan area 217, a different area trom that of the 
calling office. Typical digit combinations are shown at each place for 
reaching the next place with direct dial control systems. On a call from 
the A toll center area to the number MA 2-2345, the originating toll op- 
erator must dial 16 digits, such as 059 076 097 157 2345. Calls starting at 
ntermediate points or in other networks use different numbers depending 
on the route. (Note that the route codes start with O or 1 to distinguish 
them from local codes.) It is rather obvious that dialing such combina 
tions is cumbersome and requires elaborate routing information at each 
toll center. Intertoll calls through direct dial control systems are there 
fore generally limited to being switched at one place along the route, 
vith mfrequent use of two switching points 

However, with common control systems the situation is quite different. 
Phe ormwinating point need dial only the ten digits of the destination 
217 MA 22-2345. At each point except the one preceding the called area 


the full complement of digits is sent ahead. At that point the area code 
is dropped. At the last point, D, which is assumed to have direct circuits 
to the called office, MA 2 is skipped and 2345 is sent ahead. If calling 
Lealled points had been in the same numbering plan area, only seven 
would have been required. Note that since destination codes are 

used all pomts outside the numbering plan area dial the same 10 digits 
to reach a given line and all points within dial the same seven digits. 
While only a small proportion of toll calls require multi-switeh con- 
nections of the type just described, connections such as these are never- 
thele required for an economically feasible nationwide network in 


Vhich all calls are dialed to completion, and this objective cannot be 


attained practically without systems operating with destination codes, 


) NUMBER 








eotmmon control Systems 
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\lso, as brought out later, destination codes are required in order to 


realize the important trunking economies of automatic alternate routing 


CODE CONVERSION 


In passing, another feature of some common control systems, namely 


code conversion, can be brought out here because the illustration, Fig. 6, 
fits. Calls originating in a common control system can use office name 
codes (such as MA 2 for calls to the MAin 2 office) to reach destinations 
Vin step-by-step switching equipment where route codes (such as 157 
are widely used. The translating equipment at the common control office 
ean be arranged to substitute arbitrary digits for the office name code 
digits or in some cases to prefix arbitrary digits ahead of the called 
number. The arbitrary digits substituted or prefixed conform to the 
requirements of the office using route codes. In Fig. 6, office C when 
equipped with common controls could be arranged to convert MA 2 to 
157, and therefore codes conforming to the nationwide numbering plan 
could be used for area 21 


7 even though the calls were routed through 
step-by-step equipment. 


RELATION BETWEEN TYPE OF SYSTEM AND TRUNKING ECONOMIES 


The provision of a system which makes the most economical use of 
the trunk plant is important in any network but it is not as important 
in a small network as in a large one. Small networks can derive only 
small economies from arrangements which permit saving trunks. For 
example, in a single office network the trunks consist of wires running 
from originating to terminating equipment in the same building plus 
relatively cheap associated relay circuits. However, in a large toll net 
work the trunks may include expensive repeaters, signaling equipments, 
carrier equipment and perhaps echo suppressors, as well as transmission 
channels running up to hundreds of miles in length and expensive toll 
relay circuits. For the larger networks there is therefore considerable 
urge to save as many trunks as possible. It is important therefore to 
operate these networks with switching plant that makes the most effi 
cient use of the trunk plant by providing full access to groups, and to 
use an arrangement that permits the trunking economies of routes via 
tandems and of automatic alternate routing. These are features provided 
by common control systems and help explain whi these systems are 
more attractive in the larger networks, both toll and local. 

The cost of rearrangements for growth, new routes, load balancing 


and for restoring service under emergency conditions vary with the type 
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tem. Because of the flexibility of common controls such rearrange 
are easier to make and usually cost less than in direct dial control 
\lso the frequency of rearrangements is greater in the larger 


herefore this is another factor in favor of using Common controls 


)) Les 


UPERIORITY OF COMMON CONTROL SYSTEMS WITH RESPECT TO SWITCH 


ready been mentioned that the efficiency of trunks increases 
is the “1 Z¢ 


ot thi 


of the group in which they are selected increases. Recognition 


fact early in the development of machine switching (about 1905 


led to the invention of common controls. An ordinary step by-step selec 


tor has access to only ten outlets on a level. Aecess to more than ten 


outiets can be obtained by providing graded multiple or by the use ol 
rotary out-trunk switches,* or by combinations of these. Whenever it is 


Necessary 


to ¢ mploy graded multiple or rotary out trunk switches, there 


some slight loss of efficiency as compared to full access. 


] 


still 


In a system such as the panel system in which trunk hunting is a 


funetion of the selectors, the maximum number of trunks accessible to a 


call at any stage of selection is limited by the number of outlets accessible 
to the switch at that stage. A panel district or office selector, for example, 
ean test a maximum of 90 trunks in a single group, 90 being the maximum 


number of terminals to which trunks can be assigned on a single panel 


bank, the remaining ten of the 100 terminals on a bank being reserved 
for overflow purposes. In the step-by-step system a corresponding limi 
tation is avoided by a combination of graded multiple and rotary out- 
trunk switches with the penalty of a slight loss of efficiency. Marker 
systems avoid this limitation, also, by having the markers select. trunks 


hefore they select the paths to the trunks. Crossbar systems with markers 


can readily test several hundred trunks for a given call. In some crossbar 


systems No. 1, for example trunks are tested in sub-groups of forty, 
therefore marker holding time is increased when there is more than one 
sub-group to be tested. This increase in marker holding time is largely 
avoided systems like the toll crossbar systems by providing special 
testing arrangements in which a single indication per sub-group tells 


the marker which sub-group has one or more available trunks, whereupon 


the marker on 


y tests the individual trunks of a sub-group in which it is 
issured that it can find an available trunk 

witch is arranged to hunt over a single group of outgoing 
s arranged for preselection and switches 


to an idle one. Iti 


f 4 ] 
rom bus runks 
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The maximum access of ten terminals on a level in ordinary step-by 
step is not inherent in the system and might be overcome by a different 
switch design. A review of how a direct dial control system operates will 
help to clarify this point. At each switching stage, two actions take place 
First, the switch follows the dial pulses until it reaches a group of outlets 
corresponding to the dialed digit. Then in the interval following this 
digit and before the pulses of the next digit arrive the switch hunts over 
the outlets for an idle path to reach the next stage. The number of paths 
from a switch level is therefore limited by the number of terminals the 
switch can hunt over in the interdigital interval. Assuming, for example, 
an interdigital interval of six-tenths of a second and a hunting speed of 
100 terminals per second, 60 outlets could be provided. However, if such 
a high speed of hunting could be attained, and the 60 outlets were pro 
vided, 60 terminals would be required per group even for small ones which 
are in the majority. Hence such a switch would be wasteful of terminals. 
Direct dial control systems have generally employed switches with ten 
outlets per level although special arrangements such as twin levels have 
been employed to increase the number of outlets. A twin level switch 
provides terminals for two trunks at each rotary step and thus twenty 
trunks per level can be reached. 


TRUNK ECONOMIES FROM TANDEM OPERATION WITH COMMON CONTROL 
SYSTEMS 


An important factor in trunk economies is the ability to use tandems 
The numbering difficulties that direct dial control systems have with 
tandems have already been discussed. Tandems permit major trunk 
economies on two scores. First, tandem routings take advantage of the 
efficiency which results from concentrating the smaller items of traffic 
and handling them over common trunk groups. Fig. 7 shows how this 
economy is attained. Ten offices completely interconnected by one-way 
trunks require 90 interoffice trunk groups. Ten offices interconnected 
only by way of tandem require only 20 groups. The groups by way of 


tandem are larger in size than the individual direct groups they replace 


and because of increased efficiency with group size fewer trunks are 
required. 

There is a second possibility for an increase of efficiency, an example 
of which occurs when part of the offices are in business districts and part 
in residential districts. The peaks of trunked traffic from these different 
types of offices frequently occur at different hours, hence the trunks 
through tandem can be provided more economically for a given grade of 
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service than by an arrangement which must care for the peaks of each 
office separately. The non-coincidence of peaks of traffic of different 
types of offices permits economies both on trunks to tandem and trunks 
from tandem. For example, assume that a given office completes calls 
via tandem to some offices which have a morning ‘busy hour and to 
others which have an evening busy hour. Then the group to tandem 
must provide capacity to handle the traffic for the busier hour of the 
two, but this capacity need care only for the peak traffic to part of the 
destinations. [Hf individual direct groups had been provided instead of a 
common group to tandem, each group would have required capacity for 
its own peak, regardless of when it occurred. The common group to 
tandem therefore benefits by the noncoincidence of the peaks. A corre- 
sponding situation also occurs on trunks from tandem. Each group com 


pletes calls to a given destination from a number of originating offices 


y 
whose peak hours may not comcide, and hence groups from tandem 
derive economies similar to those of the incoming groups to tandem. 
Pandems are also required for alternate routing. Alternate routing Is 
an arrangement to provide trunking economies by using a limited num 
ber of direct trunks for the traffic between two offices, and permitting 
the calls which do not find an available direct trunk to overflow to one 
or more tandems in succession. Because of the ability to load the direct 
cireuits very heavily and yet provide good service by taking the overflow 
from and_to a number of offices through a common tandem point, sub- 
stantial economies are possible. Automatic alternate routing is practical 


only with common control systems. Common controls are needed to 
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provide the digit storage and digit spilling features in the office that 
does the alternate routing so that it can spill forward to the alternate 
route point the digits the latter requires. 

Common controls have other advantages with respect to trunking 


which have already been covered in part. They also simplify the problems 


of assignment and load balancing as groups change in size or as new 
groups are added. An example of the difference in the methods of han 
dling trunk growth in step-by step and crossbar is of interest. In step 
by-step when groups grow beyond 10 trunks a grade must be introduced 
in the switch wiring, or trunks must be sub-grouped or rotary out trunk 
switches used. If further growth occurs, regrades must be made or re 
arrangements may be required in the sub-grouping or in the rotary out 
trunk switches. In a crossbar svstem, however, in most cases added 
trunks are merely assigned to spare switch terminals which are left 
vacant for this purpose. 


ROUTINGS FOR IRREGULAR CONDITIONS 


Common controls are adapted to the efficient recognition and handling 
of irregular conditions such as permanent signals, vacant codes, and dis 
continued or temporarily intercepted lines. 

Registers or senders detect line troubles which cause permanent signals 
or receivers off the hook by a timing circuit which waits for a short time 
for dialing to start. Jf the dialing does not start within the interval al 
lowed the line is directed to a common group of permanent signal trunks 
which may appear before operators or at a test board. In No. 5 crossbar 
a trouble recorder card can be produced on which the location of the 
line in trouble is indicated. The step-by-step svstem indicates permanent 
signals by alarms to the maintenance force on a line group basis, and 
lines in trouble must be traced. 

Vacant codes are detected by the translators, decoders and markers 
of common control systems and the calls are routed to a common trunk 
group Which appears before operators or which returns ‘‘no such number 
tone.” The corresponding arrangement in step-by-step requires con 
nections from the switch multiple to operator or tone trunks. 

In systems like No. 1 crossbar and No. 5 crossbar which have common 
controls in the terminating equipment, lines on which service has been 
discontinued or temporarily intercepted can be recognized by the mark- 
ers and the calls rerouted to a common group of intercepting trunks. 
lor example, temporary discontinuation of service is indicated by lifting 


a single cross-connection at the number group frame. In the step-by-step 
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system, however, one intercept trunk is commonly provided per 100 
numbers and lines whose service Is to be intercepted must be CTOSS- 


connected to these trunks 


FURTHER ADVANTAGES OF COMMON CONTROL SYSTEMS ACCRUING FROM 


THEIR ABILITY TO OPERATE WITH TANDEMS 


Some of the economies permitted by common control systems operat- 


ing with tandems have been previously mentioned. Tandems are also 


useful because they provide centralized points at which special features 
can be concentrated with considerable saving 


lor example, tandems are used for pulse conversion and for concen- 


tration of message charging equipment. Pulse conversion is needed when 
it becomes necessary to change from one type of pulsing to another, as, 
for example, on calls from a panel office to a step-by-step office. Panel 
ean send out only revertive and panel call indicator pulses and step-by 
step can receive only dial pulses. The two systems are therefore incom 
patible without special arrangements. The following are some of the 
plans which might be used for handling calls to step-by-step. First, all 
the panel senders could be modified to send out dial pulses. Second, spill 
senders could be provided at the outgoing trunks in the panel office or 
at the incoming trunks in the step-by-step office to receive, say, revertive 
pulses and convert them to dial pulses. Finally, if there is a tandem in 
the area, the tandem senders could be arranged (as they actually are 
to accept revertive or panel eall indicator pulses and send out dial pulses. 
The first two arrangements are usually more expensive than the last 
Pherefore, when pulse conversion is required it is generally done by 
routing calls via tandem 

lo complete ealls in the reverse direction, that is from step-by step 
to panel, there is a requirement that is due to the use of the step-by-step 
svstem, namely that in cases where second dial tone is not employed the 
equipment at the called office or at an intervening tandem must be ready 
to accept the step-by-step pulses which are being dialed by the customer 
within a short time after the incoming trunk is seized. To meet this 
requirement, special high speed and costly link mechanisms are required 
to attach senders to incoming trunks or the incoming trunks must be 
arranged to record and store one or two digits. When ealls are made be- 
tween two systems both using senders, however, cheaper and slower link 
mechanisms can be emploved because the calling senders are arranged to 


wait for a sender attached signal from the called office. 








COMMON CONTROL SWITCHING SYSTEMS L111 


ADVANTAGES OF COMMON CONTROLS FOR AUTOMATIC RECORDING OF IN 
FORMATION FOR CHARGING 


The crossbar tandem system offers an economical method for making 
a record for charging purposes on multi-unit bulk billed calls called re 
mote control of zone registration. At present this is limited to use with 
originating panel offices. The tandem is arranged to send back signals to 
the originating office for operating the customer’s message register up to 
SIX times for the initial period on one call and also to operate it on over 
time. Thus the application of extended customer dialing can be eco 
nomically increased by applying this arrangement in places which cannot 
justify the registration arrangements available in the panel system itself 
which are economical only for a relatively heavy volume of this business 
Local crossbar systems provide these features economically enough to 
obviate the need for tandem control of message registers for calls orig 
inating in the crossbar offices. 

When tandem offices are required to control the equipment which 
records customers’ charging data, they must be equipped with common 
controls if the arrangement is to be economical. The data includes the 
origin of the call -the particular trunk group incoming to tandem ovet 
which the call arrives and the destination— the called office code. These 
elements must be analyzed and combined to determine the basis for the 
amount charged. Since elaborate equipment is required for these func 
tions, economy must be attained by providing a minimum amount of 
equipment to do the job. This objective is accomplished by providing the 
required features in the common controls. In tandems arranged for re 
mote control of zone registration, for example, the number of times the 
customer’s message register is operated is determined partly by the 
choice of trunk group at the originating office and partly by the tandem 
markers. 

In addition to remote control of zone registration, there are several 
other methods of determining and recording charging data which also 
require the use of common control equipment. These are automatic 
ticketing, automatic message accounting and coin zone dialing 

In automatic ticketing, which is used with step-by-step systems, calls 
which are to be ticketed are directed to outgoing trunks which select 
senders and other common equipment which determine the calling line 
number, reconstruct the called office code and store and outpulse the 
digits required for selections beyond the local office. The calling line 


number and the called office code are transmitted by the common equip- 


ment to the outgoing trunk which is equipped with a ticket printing 
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device Which prints this information and other data required tor charging 
Phe tickets can be used for bulk bills as well as detail records since they 
ean be summarized at the accounting center by manual methods for 
calls on which detail information is not required, 

\utomatic message accounting is used with crossbar systems both fot 
bulk billing and detailed call records. With this system the data required 
tor charging is perforated on paper tape by common central office equip 
ment. The arrangement has been described in the technical literature* 
and will not be further described here. 

Both the ticketing method and automatic message accounting require 
the collection of a large amount of data and the ability to do a comph 
eated job in handling and recording this data. This demands elaborate 
and expensive equipment which is practical only when provided on a 
common basis so that it can be called into service for a short time and 
then re tored to the COMMON pool lol other calls. 

Direct dial control systems Without Common controls can only have 
message registers on the line and therefore can handle nothing but bulk 
billed calls. Furthermore because of the expense of arrangements fot 
determining multiple unit charge data and tor operating the message 
register more than once on a call, multiple operation of message registers 
on individual calls is not practical, 

From coin stations im direct dial control systems the customer muy 
dial calls only to offices within the local charge zone. However, in panel 
and crossbar areas the “coin zone dialing” arrangement is available to 
permit com customers to dial beyond the local zone. With this plan calls 
are routed to a tandem office where completion is delayed until an oper 
ator can pluginto the trunk to tandem and supervise the collection of the 
required cous. The amount to be collected is indicated by trunk lamps 


Which appear in a switchboard multiple. Common controls enter into 


this scheme at the originating office to route the call to tandem and to 
determine the charge, and at the tandem office so that the digits can be 


stored While the call Is held up prior to collection ot the COs. 


TYPES OF PULSING 


Direct dial control systems are restricted to operation with dial pulses 
and are usually limited to pulsing speeds of about 10 pulses per second 
mid about one digit per second, Dial pulsing has range limitations which 
can be overcome by the addition of pulse repeaters at appropriate pots, 


Common control systems store the digits in senders which can regen 


ese. / ! Wwlrons 69, Part l, pp. 255 to 26S. 1950 
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erate them in various types and combinations of types of pulsing. Types 
of outpulsing found today in various systems include revertive, panel 
eall indicator, dial pulsing, de key pulsing, and multi-frequency pulsing 
Panel sender tandem and No. 4 toll can also send digital information 
nthead to operators by the call announcer method which uses voice an- 
nouncements derived from recordings on film. Provision for receiving 
and sending several types of pulsing in one system makes it more flexible 
since it can then connect to a variety of equipments. Regenerating the 
pulses adds to the range without the need of adding pulse repeaters 
Some of the advantages which common control systems derive from 
the ability to operate with a modern type of pulsing can be brought out 
by a brief description of multi-frequency pulsing which is a relatively 
recent development. Digital information is transmitted over any facility 


capable of handling voice by sending spurts of alternating current which 


consist of pairs of frequencies in the voice range selected out of five 


frequencies, There are ten such pairs. At the receiving end a check is 
made to insure that exactly two frequencies are received for each digit 
When only one or more than two frequencies per digit are detected the 
eall is not set up but a reorder signal is returned to the originating end 
In addition to the advantages of being capable of transmission over voice 
facilities, Including repeaters and carrier systems, and of providing checks 
for accuracy, this type of pulsing can be transmitted at the rate of seven 
digits per second at present. Operators can be provided with keysets 
capable of sending MEF pulses into either local or distant switching equip 
ment with improved operating resulting from the higher speed and other 
advantages of ME pulsing. 

It is quite feasible to add new types of pulsing to common contro! 
svstems, Multi frequency pulsing hws only recently been added to cross 
bar tandem, for example, although it has been in use with other crossbar 
systems for some time. In this case it required the development of new 
senders capable of receiving and sending the MEF pulses. The addition of 


these senders, even in existing offices, is not a difficult job 


IMPRO¥VED STATION APPARATUS 


The stations in most exchanges are provided with dials which operate 
at approximately 10 pulses per second. In step-by-step exchanges this 
pulsing speed is the maximum permitted by the capabilities of the 
switches. In panel and crossbar areas the common equipment is capable 
of operating with higher speed dial pulsing, and PBX and central office 
operators in these areas are usually given dials that operate at. about 


IS pulses pet second 
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Even fast dials are inefficient as compared to the push button keysets 
used by operators for key pulsing and it is obvious that subscriber sets 
with push buttons would be faster and more convenient than dials. Such 
sets were used at Media, Pa., on an experimental basis and have func 
tioned in a highly satisfactory manner, Their introduction merely re 
quired the design and installation of registers to receive the pulses they 
generate. This was done with little difficulty or expense at the central 
office end. However, with ordinary step-by-step systems such devices are 
impractical because of the short interdigital interval they allow and be 
cause of the cost of adding the pulse receiving equipment in every 
selector and of providing translation to change the key pulses into a 
form to drive the switch 


CLASSES OF SERVIC! 


Differences in the handling of calls from non-coin, coin and PBX lines 
and differences in rate treatments require the recognition of classes of 
customers at the central office. In step by step separate groups of line 
finders are provided to permit segregation in classes and where routings 
for different classes vary, separate selector multiples are required for 
these routings. Class distinctions within a line finder group can be made 
by normal post springs and by marking a fourth conductor in the line 
eireuit 

Common control systems permit the economical handling of many 
classes of service. The No. 5 crossbar, for example, is most flexible in 
this respect. As many as thirty classes of service can be handled in a 
single line link frame, including coin and non-coin, Special handling, 
reroutes and restrictions are mostly functions of the common controls 
and inefficiencies due to segregation of traffic in small groups of switching 


equipment are largely avoided 


DOUBLE CONNECTIONS 


In systems such as panel and step-by-step in which selectors do the 
hunting, several selectors may be hunting over the same terminals simul 
taneously, and since there is an unguarded interval just after an idle 
terminal has been found before it is made busy by the release of the busy 
testing relay, double connections occur, Considerable effort and expense 
have been expended to reduce the probability of double connections in 
these systems. In svstems which employ markers, on the other hand, 


the trunk testing schemes do not normally permit double connections to 
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oecur, In most marker systems a lockout arrangement permits only one 
marker at a time to test trunks in a given group. There are cases where 
trunks are common to two offices and two markers are allowed to test 
trunks ssuiultaneously. In these cases special circuit arrangements are 
provided at nominal expense to avoid double connections. Modern com 
mon control systems with markers are, therefore, free of double con 
nections resulting from weaknesses of the system and they can occur 


only as a consequence of defects in circuits or apparatus 


PHEORETICAL OFFICES 


It is sometimes desirable to assign more than one office designation to 
customers in a single central office unit. A new unit may be planned for 
sometime in the future and if growth on the existing unit can be taken 
with a new office designation, then when this new office is placed in 
service it can be done without directory changes by transferring a block 
of lines from the old unit. Another occasion for assigning more than one 
designation to a single unit arises when customers served by the unit 
are in two rate zones, and service to lines in one of the rate zones must 
be restricted or extra charges collected. The lines served by an additional 
designation are called a theoretical office. Common control systems 
handle theoretical offices with little difficulty. In the first case mentioned 
the translating equipment in the originating offices recognizes that the 
physical office and theoretical office designations require identical treat 
ment until the new unit is cut into service at which time translator cross 
connection changes take care of the new routings. Where different rate 


treatments are involved, records for billing purposes depending on both 


the origin and destination of the call can be made by methods previously 


mentioned. In some cases where the billing data is determined at a 
tandem office and different treatments for the same destinations must 
be given to customers calling from one office, split trunk groups must be 
provided to tandem, one for each treatment. 

In the step-by-step system, theoretical offices can be opened up by 
multipling two selector levels together. For example, if the physical 
office is designated 25 and it is desired to open a theoretical office, say 26, 
the 5 and 6 levels on the proper second selectors in the network can be 
strapped until the 26 office is changed to a physical office. At that time 
the levels are split and trunks to the new office are connected to the 
6 levels of the second selectors. Restrictions in reaching blocks of numbers 
can be applied by splitting selector multiples and intercepting calls to 
restricted blocks from one of the splits. 
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DAPTABILITY TO NEW SERVICKE FEATURES 


One of the Major advantages of common controls, which has been 
covered in part but which deserves further emphasis, is their adaptability 
to new service features. Key sets and new dialing devices can be intro 
duced at customers’ stations and operator positions by readily feasible 
modifications of registers and senders. New pulsing schemes can also be 
introduced as they are developed as evidenced by the introduction of 


multi-frequency pulsing over the past few years. Nationwide custome! 


aang, now un ler development, can be readily introduced Ih existing 


common control systems by economical modifications without the use 

ier directing codes or second dial tone Step by step systems re 
quire at least partial senderization. to provide equivalent service. In 
short, the flexibilitv of common controls and the concentration of the 
control elements in a relatively few circuits makes the addition of new 


service features easier and more economical than in direct dial svstems 


MAINTENANCI ASPECTS 


experience has shown that switches with a large amount of motion, 
especially those with brushes which wipe over bank terminals, tend to 
wear excessively and require considerable maintenance effort and even 
replacement, at times. On the other hand, switches with short motions 
and relay-like action require little maintenance and tend to have long 
ife. Furthermore, the switches which employ wiping brushes mostly use 
base metal contacts, whereas relay-like switches can readily be equipped 
with precious metal contacts and in most cases are so equipped —with 
the elimination of the transmission noise to which base metal contacts 
are subject. The crossbar switch is a relay type of switch with precious 
metal contacts and considerations such as those mentioned influenced its 
udoptior The advantages ol relay type switches are hot necessarily 
limited to Common control systems since such switches have been used 
n direct dial control systems. The first use of the crossbar switch in 
Sweden Was in a step-by-step system, for example. However, economical 
irrangements for using such switches in large systems require markers 
his is beeause economy must be achieved by having more than one call 
occupy a switch at atime and marker control is necessary to attain this 

linportant maintenance advantages have been introduced in systems 
using decoders and markers. In this category are the self-checking tea 
tures, second trials with changed order of preference, and trouble report 


In No.5 crossbar the ability to report the location of a line 
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with a permanent signal by perforating a trouble recorder card has 
eliminated the need for tracing permanents. 

\ number of schemes are employed to detect troubles in markers and 
decoders and in circuits which connect to them. These include detectors 
lor Wrong sequences ot operations, Wrong combinations of relays, exces 
sive current, false potential and lack of continuity. These are generally 
introduced at small cost since the circuits to which they are applied are 
small multipliers. However, some of them do a major job of testing since 
they reach out and test the numerous elements of the switching svstem 
to which markers have access. In this category are the tests of the cross 
bar linkages for opens, false grounds and double connections, tests of the 
switch crosspolnts fol continuity, tests of lines for false grounds, and for 
recelvers off the hook on coin first coin lines. 

To obtain clear trouble records, markers are designed with interlocked 
progress signals. This has made trouble analysis easier and has tended 
to improve design by eliminating relay races. 

Starting with the panel system tests have also been introduced in 
senders for detecting open and reversed trunks. These tests have been of 
considerable help in maintaining outside plant and in detecting condi 


tions that could lead to false charges. 


DISADVANTAGES OF COMMON CONTROLS 


Up to this point the stress has been mainly on the advantages of com 
mon controls. There are also some disadvantages. One of the major ones 
is the substantial getting started cost due to the necessity of providing a 
minimum amount of common equipment. This minimum is provided to 
maintain operation in case of trouble and during intervals when, for 
example, eross-connections require change because ot changed or added 
routes. The minimum requirements establish economic barriers which 
tend to prohibit the economical use of common controls for small iso 
lated systems. 

Another disadvantage is the performance of common control systems 
under severe and protracted overloads. Experience with these systems 
indicates that although they compare quite favorably to direct dial con 
trol systems with respect to capability of handling moderate overloads, 


they are not able to handle severe overloads as well. In part this is a 


consequence of the fact that elements in common control svstems are 
| ; 


used at high efficiency and hence there is relatively less free equipment 
at full load for soaking up an overload than there is in systems that 
operate with smaller and less efficient groupings. Whenever the number 
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Ol Calis presented to the svstem exceeds the capacity ol the common 
control elements provided, the excess calls are delayed. The things which 
customers, operators and connecting switching machines do when they 
encountel delay s tend to agyvravate the overload. The reactions of oper 
ators and customers to delavs can be illustrated by two examples, 
The first is taken from the operation of a network of No. 4 toll crossbar 
systems When one of the No. 4’s is heavily overloaded, Operators placing 
calls through the overloaded system encounter, let us say, an abnormal 
number of “no eireuit’? conditions in the outgoing trunks. This causes 
them to make additional attempts to get circuits. These additional at 
tempts plus the excessive number of first attempts overload the markers 
Sender holding time is then increased because of delays in connecting to 
the markers and this, added to the abnormal number of sender usages, 
results in a further shortage of senders. Operators trving to place calls 
through the system are therefore slowed down because of slow “sender 
attached” signals. (These are the signals which tell the operators that 
they 


‘an start keying or dialing.) Senders in connecting systems are also 
delaved waiting for senders to become idle in the overloaded office. The 
overload therefore tends to spread to all connecting systems. 

However, it is possible to provide remedies which limit the reaction 
to the overloaded system. These remedies are arrangements to rapidly 


clear out senders waiting for senders ahead. Automatic alternate routing 


s also useful in routing traffic around overloaded systems. 

Phe second example is taken from local systems. Here the reaction of 
customers to delays compounds the overload. A severe overload results 
in a shortage of senders, much as described above. A shortage of senders 
ina local system causes dial tone delays. There are always some custom 
ers Who either do not listen for dial tone or who will not wait very long 
for it, and who start to dial before senders are attached to their lines. 
Phe result of such dialing is either a partial digits condition under which 
the sender waits for a considerable interval for a full complement. ot 
digits, or a wrong number when the first digit is clipped. The delays 
reduce sender capacity still further and the wrong numbers further in 
erease the attempts. The load “snowballs” and the ability of the system 


1] 
i 


to handle calls degenerate s 


Here again arrangements are available to control the overload. These 
include features for blocking calls before they reach the senders and 
markers, and for returning paths busy signals with a minimum of com 
mon circuit holding time 

While there is, then, a somewhat greater capacity for overloads in 


step by step because of less efficient use of equipment, common control 
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systems doa good job ol handling moderate overloads and, by provision 


of load control features, can operate satisfactorily even with severe 
overloads 

From a maintenance standpoint, a disadvantage of common controls 
is the relative complexity of the circuits. While this has introduced a 
training problem, maintenance forces have had no difficulty in acquiring 


the knowledge needed to do a competent maintenance job 


CONCLUSION 


The full fledged common control systems exemplified by the crossbar 
local and toll systems have a number of important advantages over 
systems where the switches are driven directly by the customer’s dial 
The advantages arise largely from the ability to store digits, to translate 
them, use them flexibly for switching within the office, and transmit as 
many of them as desired to distant points for subsequent switching 
operatlons, The digits can be converted to others of different value 
whenever it is advantageous to do so. The inherent flexibility of common 
control equipment makes it possible to adopt any kind of numbering 
plan tor a local area or a nationwide network that is best suited for the 
purpose without regard to the manner in which calls will be trunked from 
one pont to another. Codes can be assigned at will to represent destina 
tions and the best route for the call can always be taken. The best route 
may im some Cases involve tandem operation or even a half-dozen 
switches in tandem. It may be the route selected as an alternate after 
previous trial of one or more other routes. A connection may be set up 
between offices of different types and over trunk groups requiring diffe 
ent forms of pulsing. These conditions may be met by common control 
equipment and the ability to meet such conditions makes it possible to 
provide cheap step-by-step equipment in places for which it is best 
suited, compensating for some of its deficiencies with common control 
equipment in other places 

With marker type common controls, trunk groups out of an office 
can be of any desired size regardless of the switeh design. The individual 
crossbar switch, for example, gives access to only ten or twenty outlets 
as normally wired but full access single trunk groups of hundreds of 
trunks can be employed in some crossbar systems 

Schemes for recording billing data, aside from the relatively simple 
ones where metering equipment is associated with the customer’s line 
and operated once per call, make use of common control equipment 
This seems to be necessary where detail records must be made on indi 


vidual calls for charging purposes 
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\s Improvements in the art are made they can more readily be in 
COrpor ted in common control systems than in step by step systems 
For example, new subsets which may employ keys or other sending 
devices different from the dial can be accommodated by provision Ol 
propel facilities in senders and registers Also, improved high speed 
pulsing arrangements can be easily incorporated Im systems which do 


not require the switches themselves to be directly driven by pulses trom 


the calling device 
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Mathematical Theory of Laminated 
Transmission Lines—Part I] 


By SAMUEL P. MORGAN, JR. 


This part of the pape continues the anal isis of the low loss. broad hand. 


laminated fransmissior lines propose / Oy | WV C'logston, and deals 


parti ularly with “Clogston 2” lines, in which the entire propagation space 


is filled with laminated material 
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Appendix Il: Optimum Proportions for Heavil 
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XI 
Xl 


VILL. PRINCIPAL MODE IN CLOGSTON 2 LINES WITH INFINITESIMALLY 
THIN LAMINAI 


In Part 1* of this paper we have set upa general mathematical frame 
work for the analysis of Clogston type laminated transmission lines 
and have applied it to Clogston | lines having laminated conductors, 
but with the total thickness of the laminations small compared to the 
overall dimensions of the line, so that most of the forward power flow 
takes place in the main dielectric. In Part I] we shall consider Clogston 
2 lines, which instead of containing a main dielectric have the propaga 
tion space entirely filled with laminations; and we shall also derive 


results, in Sections IN and X, for the general laminated transmission 


*S.P. Morgan, Jr., Be Tech. J., 31, 883 (1952). Since the two parts of 
the paper are very ¢c osely related, the seetions equations figures, und footnotes 
have been numbered consecutively throughout the whole paper \ table of 
symbols appears at the end of Part I 
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hich the relative actions OF space oct upled by the main dielec- 
arbitrary 


2 line is shown schematically in Fig. 10 


ind the laminations are 


parallel-plane Clogston 
It consists of a stack of alternate lavers of conducting and insulating 


material, whose total thickness is a. As before, the electrical constants of 


nre denoted by Mi, and €2 , M2 


the conducting and insulating lavers 


of conducting material im the stack is 


ha by sheaths Whose normal 


respectively; and the traction 
called 6. The stack is bo 
surface impedance is Z,(y), where y is the longitudinal propagation 


nstant of the mode under consideration 


co 














2 transmission line 
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‘The cross section of a coaxial Clogston ? cable is shown schematically 


in Fig. 11. It consists of a laminated coaxial stack bounded internally 


. 4 . 
by a eylindrical core of radius a, which may be equal to zero so far as 


the theoretical analysis ts concerned, and externally by a evlindrical 
sheath of radius b. We denote the radial impedance looking into the 
core at p a by ZY), and the radial impedance looking into the 
sheath at p h bv Lily ; 

In this section we shall assume the laminae to be infinitesimally thin, 
so that the stack may be regarded as a homogeneous, anisotropic medium, 
completely characterized by its average electrical constants. The case 
of finite lamina thickness will be treated in Section XI. We shall neglect 
dielectric and magnetic dissipation throughout, except in Section XIII 

For modes of the tvpe which we consider, whose only field components 
are H, , Bes FE. in the plane line or 1, , EF, , F. in the coaxial line, the 
average electrical constants of the stack are given by equations 90) 


of Section I{T, namely, 


q 60; 


As observed in Seetion LIT, Maxwell's equations for the average fields 
in such an artificial anisotropic medium take the form, for a plane 


stack, 
oH 
all 
OF, dz — dk 
while for a evlindrical stack, 
all 
Opll Gok 
dE./Ap ak, ae lwill 


We wish to determine the modes which can propagate in the laminated 
medium when guided by plane or evlindrical impedance sheets. This 
problem was solved for a homogeneous, Isotropic dielectric in Section 


I] of Part ¢ and the method of solution is so similar for the anisotropic 
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medium 
the results 
moc for which // IS ah e' 


O hia Heid Components giver 


rbitrary amplitude 


IT1, by 


uundaries / 4 a leads to the condition 


274 


boundary condition be 


276) 


field components in the coaxial line are 
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where 


berore 


and these equations Cam be satished DV \ lue and # that 


hot both zero i and 


A Ko(T ya 

A 1 (Va 
Now kK ven lon 3), While from equa 

tion (27: 

2S0) 
Hence if the depe idence of the boundary impedances on y Is known, 
equations (274 and (276) for the plane line and equation (279) tor the 
coaxial line are transcendental relations from which in principle we may 
determine Ty , and therefore y, for each mode of the type that we are 
considering If the value ’. for a particular mode satisfies the in 


equality 


1] 1 


Ss WG 


Bey 281 


then on taking the square root of the right side of equation (280) by 
the binomial theorem, we find that the attenuation and phase constants 
of the given mode are approximately 
le 
-Re ’ 
2gV i/é 


B=Imy = wi fe — Im 


f 


29—/i/e 


Throughout the rest of this section we shall consider only the lowest 
or principal mode. In a parallel-plane line the principal mode corre 
sponds to the lowest root in I, (that is, the root having the smallest 


modulus) of equation 274), which may be written in the form 


1 


> 


I'ya tanh ‘Ta SgaZ + 
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may express y ih terms ol | DV equation 2S0) 
reasonably simple wav, or better vet 
essentially independent of y in the range of interest, equation 
may be solved numerically for Py by successive approximations 
\ numerical solution ol Cg lation (2S4) us, however, rarely necessary, 
ince the right-hand side of the equation is just the ratio of the sheath 
mpedance Zy y) lo the resistance pel square”, namely | ga , Ol 
all thre conducting lavers in a stack of thickness ha ith parallel, and this 
io Will almost always be large compared to unity. This is another way 
ing that the total one-way conduction current in the stack 1s 
large ¢ ompured to the sum of the conduction and displacement currents 
in either sheath. Ever the sheaths are infinitely thick metal plates of 
conductivity d: ; ‘We have from equation 79) of Section III, sInice 


lw Me 
GaZ y lay an +. 7)Aa/ 26; - P85 


ind for most lrequenecies of mterest the thickness 5 Ga of conducting ma 
terial in half the stack will be several times the skin thickness 6; In 
If the medium outside the stack is free space, then Z2,(4 
v hundred ohms and a fortiori: the right side of (284) will be 
compared to unity. So long as the inequality 
1daZ,,(- > | (286) 
284) will be approximatels 

a: ( 7) 


from (282) and (283) the attenuation and phase constants of a 
logston 2 line with infinitesimally thin laminae and high-im 


IIs are 
(O88) 


ORY 


IPTONIMAULOL , there is neither amplitude nor phase distortion 


nepal mode in a coaxial Clogston 2 corresponds to the lowest 


| ray | equation 279 To solve this equation numericalls with 


finite boundary impedances Z,(y) and Z,(y), while possible in principle, 


ntly be a major undertaking We shall therefore assume 
pel that the total conduetion and displace 


ore ind the sheath are neghgible compared 
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to the conduction currents in the laminated medium. This is CCUULN alent 
to assuming that the boundary impedances Z,(y) and Z(y) are effee- 
tively infinite, so that equation 


279) reduces to the simple form 


(290 


Mquation 290) mav be converted to one involving ordinarv Bessel 
and Neumann functions by the substitution 


Then since 


the equation may easily be transformed into 


J (ya) Ny (xb J (x! ; (), 293 
For any given value of the ratio a,b, equation (293 


has an infinite 
number of real roots i 


eS The lowest root x) has heen tabulated : 
a funetion of b a, and may be written in the form 


iis 


204) 


where fifa b) is a monotone decreasing funetion of a/b which is equal 
to 1.2197 when a/b QO and to 1 when a/b 1. Hence the attenuation 
and phase constants of the principal mode in a coaxial Clogston 


2 with 
infinitesimally thin laminae and high-impedance walls are 

wv "i ad h) 
295 


ZX u/é€ Qlh 
wii , 2945) 


and again to this approximation there is neither amplitude hon phase 
distortion. 

Comparing equations (288) and (295), we see that the attenuation 
constant of the principal mode in a coaxial Clogston 2 with infinitesimally 
thin laminae (that is, the low-frequency attenuation 


constant if the 
laminae are of finite thickness) 


Is equal to the attenuation constant of 


’ KE. Jahnke ind ] | hh le Tabli ol | 
1945, pp. 204-207. What we call #f;(a/b 


205, as (4 ] 


/ 
ine 


fourth ed... Dover, New York 
is tabulated by Jahnke and Kmde, p 


vhere / bh/a, while our f is plotted as 1 + @ on p. 207 
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the principal mode in a plane Clogston 2 times the factor fxla h 


provided that the thickness of the plane stuck IS equal to the thickness 


} 


) a ot the coaxial stack. The functions f (a/b) and fj(a/b | a/b 
are plotted against a/b in Fig. 12. From the plots it is apparent that 
5) decreases steadily from a value of 1.488 at a/b QO to | at 

1, while fi(a/b)/( a/b increases steadily from 1.488. at 

Q to infinity at a/b |. Therefore if the stack thickness } a 
is fixed, the attenuation constant will be smaller the greater is the 
mean radius of the stack; while if the outer radius 6 is fixed, the at 
tenuation constant will be reduced by reducing the radius a of the 
inner core, and the lowest attenuation will be achieved when a 0). 
It should be noted that our expressions for the attenuation and 
phase constants of Clogston 2 lines cannot be valid down to the mathe 
matical limit of zero Irequency, since the Inequality 281), on which 
we based the approximations (282) and (283) for a and 8, will ultimately 
break down as the frequency approaches zero. A similar failure of the 
approximate expressions Which we used for the attenuation and phase 
constants of Clogston 1 lines was pointed out in Section IT of Part I 
Here, as before, we shall limit the use of the term “low frequency” to 
frequencies still high enough so that the attenuation per radian is small 


ind the ipproximate formulas (282) and (283) for @ and 3 are valid. 
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Usually we shall be able to apply these formulas down to frequencies 
of a few ke-sec — 

The field components of the principal mode in a plane Clogston 2 with 
infinitesimally thin laminae and high-impedance boundaries at y = +4a 
are given by equations (271), on substituting for Ty from (287). We 
have, approximately, 


H, H 


{ © Hy cos 


a 


Hy sin — « 
qa a 

where f/f) is an arbitrary amplitude factor, and in the coefficient of the 
expression for E, we have replaced Y by Its approximate \ alue ta \ ME 
The bars have been omitted from H, and F, since these field components 
are continuous at the boundaries of the laminae 

The potential difference between any two points in the same transverse 
plane is the integral of FE, between the points. In particular, the 


total potential difference between the uppel and lower sheaths is 


The average value of the conduction current density J. is 


: T Wh y f 
gL, Hy sin é 299) 
a a 


and the current per unit width flowing in the positive z-direction in the 
upper half of the stack is 


(300) 


so that the ratio of voltage between the sheaths to total one-way cur 


rent per unit width is 
(301 ) 


The fields of the principal mode in a coaxial Clogston 2 with infinites 


mally thin laminae and high-impedance boundaries are given by equa 
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tions (277), which simplify somewhat if we write tx, lor re, replace the 
modified Bessel functions with ordinary Bessel tunetions according to 
292), and remember that #7, must vanish at the high-impedance 


boundaries. We then get approximately, 


I] ab) Si (ap 


HAN (xab) Soup 
i 


where //) is an arbitrary amplitude factor. 

The potential difference between any two points in the same transverse 
plane is the integral of , between the points. Thus the total potential 
difference between the core and the outer sheath 1s 


4 


[ i, dp 


iw b| 
= Zz 
Jb 2H Ji(xib 

© WX | xed | Ki Kip | 


Vilxib) Sol xip Jab) NoGapla 


after some transformations using equation (293) and the well-known 
dentits 
VN o(x)J (a Vi(xr) Sola 2/2. (304 
The average value of the conduction current density 
J ql Hoxa{ b) Jo(xip 

The current reverses at p c, where a < c« < band ¢ satisfies 

Vilxab) Jolxie JiGaby NoGae 0; (306 
hence the value of e may be found with the ald of a table of Bessel fune 


tions or from plotted curves.” The total one-way current in the outet 


part of the stack Is 


.b 


7 | J p dp 


PacH old x h) 
111 ,./, 0 
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where in the last step we have made use of (304) and (306). The ratio 


of voltage across the stack to total one-wav current is. from (303) and 
— 
307), 


“ao (308) 
Xx bd 10 Kid x4) | 


| yf | 
| 

If there is no inner core. so that a 0, the expressions Which we have 
just derived become indetermimate forms, and it Is simplest to make an 


independent calculation of the fields for this special case. The Neumann 


functions are now excluded because of their singularity at p Q, and 


the condition (293) ts replaced by 


from which 
X1 
‘| he EXPressions Tor the fields are 


Hs, = Hod iQup)e 
{ © Hod i(xap)e ™, 
é 
ML Hodo(xip)e 
q 
where /7/) is now a different arbitrary amplitude factor 


The total potential difference across the stack becomes, after putting 


in numerical values 


| BE (Tp OS3601 \ ui€ I] hy 


The conduction current density Is 
J. = GE. = xxHoJobap) 
and Kf changes Sign at 
Jolxae (), 2 AOAS x 0.62765 
The total one-way current is 
l relly Jd (xe ? OATH be 
and the ratio of total voltage to total current is 


Vl O.1788y ie. 
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lds of the principal mode in both plane and coaxial Clogston 2 


vill be plotted in the next section, when we shall also be able to 


the fields im various transition structures between the extreme 


lL and the complete Clogsto 2 
} Loy 


imerical example, let us compare the attenuation Constant of a 


t | ( ible vith that olor completely filled ( logston 


entional coaxial 
cable of the same size. If a and 6 denote the radi of the inner and outer 


conductors of a conventional couxtial cable ot optimum proportions 


oy a 3 5911 > then ut Trequencies high enough to VIVe a well developed 
skin effe 1 both conductors, the attenuation constant is given bv 


equation Ol Section ry. names 


1.796 
Nog hy 
of the main dielectric, which may be 


nm is the intrimsi impedance 
Qn the other hau dl, the attenuation constant of i (‘logston an cable 
outer radius 6, with infinitesimally thin laminae and no inner core, 


trom equations (282 291 


31S 


It will be shown in the next section that for infinitesimally thin laminae 


whose permeabilities are all equal, the optimum value of @ is 2/3. As 
setting @ 2/3, we find that the 


suming no magnetic materials and ») 
the attenuation constant a, of the Clogston cable to the ut 


fan air-filled standard coaxial cable of the same 


constant a, ob an 


tf the same conducting material, is 


10.62 v/e., 6;/b. 319 


l nm DN equation 78) of Section III, 


er conductors, 0; Is Given 





ossover frequency above which the Clogston cable has a 


than the standard coaxial cable turns out 


nuation constant t 


Ite 703 .5¢ * . 320 


ucneyv is mensured I! \e SOK and the radius of the cable 


ilso note that at the crossove rrequenes the electrical radius 


r conductor of the standard coaxial is 2.96 We, 6:, so that 
quation (317) for a, appears to be (barely) justified. Applying 

320) to an ideal Clogston 2 cable of outer diameter 0.375 
excluding the sheath, with copper conductors, polyethylene 
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insulation, and no inner ce re, we have 


b 187.5 mils, , 2 26 


and the crossover frequency is about 50 ke-see 

It must be emphasized that several factors which have not vet been 
taken into account will conspire to reduce the practical improvement in 
transmission that can be obtained with a Clogston 2 cable. As we have 
already seen for Clogston | lines hn Part l, the effect ol finite lamina 
thickness in a Clogston 2 will be to cause the attenuation constant to 
increase with increasing frequency, and ultimately to become higher 
than the attenuation constant of a conventional coaxial cable Dissipa 
tion in the insulating lavers may also contribute appreciably to the total 
loss at the upper end of the frequency band. Perhaps most important of 
all, the average electrical properties of the laminated medium must be 
held extremely uniform across the stack, or the field pattern of the 
principal mode will be distorted and its attenuation constant corre 
spondingly increased. In later sections we shall discuss these effects, in 
order to estimate the stringency of the requirements On a physical 
Clogston cable if its factor of Improvement over a conventional cable is 
to approximate closely to the theoretical limit given, for example, by 


equation (319 


IX. PARTIALLY FILLED CLOGSTON LINES. OPTIMUM PROPORTIONS FOR 
PRINCIPAL MODI 


The distinetion which has heretotore been made between Clogston | 
and Clogston 2 lines is rather artificial, inasmuch as both structures 
are limiting cases of the general Clogston-type line in which an arbitrary 
fraction of the total space is occupied by laminated material and the 
rest by an isotropic main dielectric. We shall now consider the modes 
which can propagate in a general partially filled line, restricting ourselves 
for simplicity to stacks of infinitesimally thin layers backed by high- 


impedance walls. Under these assumptions we first set up equations 


which must be satisfied by the propagation constants and the fields of 
all modes having only H, ’ E, , HE, or H,, E, , E, field components In a 
partially filled Clogston line, and then proceed toa study of the lowest 
or principal mode. We exhibit field plots for this mode at various stages 
of the transition between the extreme Clogston | and the complete 
Clogston 2 geometry, and investigate the conditions under which the 
attenuation constant passes through a4 minimum as the space occupied by 
the stacks is increased. This leads to the determination of certain Optt- 


mum proportions for a line intended to transmit the principal mode 
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DP | ' 


we shall give a similar but briefer treatment of the various 
gher modes Which Can exist partials or completely filled Clogston 


hil 
ot 


lines 
The notation for the parallel plane line Is established In hig. 
Phe stacks are bounded externally by high-impedance sheaths 
ha, while the main dielectric is bounded by the planes 
t (Sa No restrictions are placed on the relative thick- 
of the main dielectric and the stacks. The average electri- 


cal constants of the stacks are é, a, and g, while the electrical constants 
« and w of the main dielectric are assumed to satisfy Clogston’s con 
dition (102) but are otherwise arbitrary 

As in Section II, the modes mav be diy ided Into two Classes, according 


to whether //7, is an even function or an odd funetion about the center 
0. The normal surface impedance Z(y) looking into either 


Yo 
i 


plane / 


ek may be obtained from equation (92) of Section IT]; if the imped- 


stu 
ance of the outer sheath is effectively infinite we have 


VAG AK coth Tys I'./g) coth Tys, 


Substituting for Z y) Into equations 11) and (13) of Seetion I], we 
that the Impedance matching conditions become 


tanh dao tanh Pes 


yh bh tanh Pys 


el) ind odd modes respect ely. where 


so trom (326 


Me 
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then 
we grz, h V iwe/g és 
and the equations for the even and odd modes become, respectively, 


lwe A lwe 


tanh $y/iwe 9 Te) tanh Tes 
g Y 


Lwe iwe » 


> 
(>) 


€ i 
ecoth \ iwe GLb tanh Iy¢s ; 
t | q Me | Y 


For reference we shall now write down the field components of the 
various modes. The fields in the main dielectric are given by equations 
(8) and (12) of Section IT, while the fields in the stacks may be obtained 
without difficulty if we recall that the tangential field components must 
be continuous at the inner boundary of each stack and that the tan- 
gential magnetic field must vanish at the high-impedance surface which 
forms the outer boundary of the stack. 

Taking the even modes first, we have for the fields in the main di 


electric, 


I Hoy cl Koy 


shir 


for —3b Ss y S 4b, where Hy is an arbitrary amplitude faetor, y and 


Ky are given in terms of [Py by (327) and (330), and Ty satisfies (331 


The fields in the stacks are 
H I] 


I ch 

H : 
IWE sh Lys 
I’; ch 1 ib 


t Ho — | 
g shTys 


h Py a 

for 3b S | y > S 4a, where in case of ambiguous signs the upper sign 
is to be associated with the upper stack (y > O and the lower sign with 
the lower stack (y < Q). The continuity of EF. at y t th IS a conse 


quence of equation (324) or (331 
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mld modes, ‘lds in the main dielectrie are 


j) S 3b, where 7/7) is again an arbitrary amplitude factor 


“ure detined is Delore in terms ol I’, - Which IS now a root of 


the stacks “ure 


again the upper signs refer to the upper 


the lower signs to the lower stack. The continuity. of EK, at 
- 


) ) 


now a consequence of equation (325) or 302 

on for the partially filled coaxial cable is shown in Fig. 6 

here as before we assume that the laminae are infinitesimal], 

indarv impedances are effectively infinite, and the main 

dielectric satisfies Clogston’s condition. The radius of the inner core is a 

and that of the outer sheath is 6, while the stack thicknesses are 8} and s 

lv: but no restrictions, other than obvious geometrical limita 

placed on the relative values of a,b, s;. and so. The inner and 

of the main dielectric are denoted by py a+ & and p 
respectively 

boundary conditions at the surfaces ot the mam dielectric will 

in Section I], by matching radial impedances at the 

nterfaces, Tf the Impedance vA looking into the core at 

infinite, then the impedances looking mito the Inner 


ation (98) of Section LIT to be 


A (Pa)! I'¢p;) 
K (Vp) 1,(T ra) 


is Infinite, then looking into the 
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outer stack at po we have 
Py Ao(V eps) 1 (0b 
G KV ep) l(b 


Z: 


338 
The condition that the radial impedances shall be matched at the sun 
faces of the main dielectric is given by equation 38) of Section IL, whieh 


takes the form 


Ko olk pi) as weg ZK 1 (Kop, Kol olk p» 1weoZ K (kop ) 
Kolo (Kop) - wen 1 (Kop; Kol Ag pe T tweoZol (Kop 


where xo is related to Ty by equation (330). If we substitute the expres 
sions (337) and (338) for Z; and Zs into (339), we have a single equation 
whose roots in IT, correspond to all the circular transverse magnetic 
modes on the coaxial Clogston line. The propagation constant y of 
each mode is given in terms of [T'y by equation (327 

Once the boundary conditions have been satisfied for a particular 


mode by a suitable determination of Ty , it is a routine matter to obtain 


the field components for this mode. In the main dielectric the fields are 


of the form given by equations (33) of Section IL. Hence for pi > Pp p 


we have 


A, [A] y(kop) + BRK y(kop)\ 


, , 
- LA; (Kop) T Bk, Kop) |é 


LWE 


A r he 
LAL Kop BK lk p) je 


LWE 
where one of the constants A and B is arbitrary, but the ratio A/B 


must be taken equal to either side of equation (339). The fields in the 
ot Section VIII, where the 


stacks are of the form ot equations 20 
constants are to be determined so that /7. Out p a and p b, and 


so that the tangential field Components are continuous at p; and p 


< < 


Imposing these conditions, we find that in the inner stack, fora p p 


CiK, la) 1 \(T ep) I; Pa) Ay(V ep it 


AAT a) 1,(T ep) I(T a) AK (T ep) | 


¢ kK, Ta)lo l'up T I(T ea K ‘ep | 
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iJ, Kyp t BK, Ap» 
Dp a ee 344 
A I 0 l (| tp 1, bh, | spy 
lor the remainder of the present section we shall confine our attention 
priy cipal mode In) the parallel plane line this mode Cor responds 


to the lowe <t rootoain | , Ol equation (331 - that 1s. 


Lh LWeE 


tanh 5 Vwe/g Pb tanh Pes i 345) 
Mo 


q 
We note that 


writs Dey 


the right side of the equation is very small compared to 
iw of the order of the square root ol the ratio of displacement 
current densitv im the insulators to conduction current density in the 


conductors, and also that the coefficient of Ty in the first factor on the 


left walla 


minder all ordinary conditions be much smaller than the coefficient 
i the second tactor. Henee in seeking the lowest root we are justi 
replacing the first hyperbolic tangent on the left side of (845) by 


irgument, so that the equation hecomes 


(348 
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exactly one root in the mterval ‘ 3 ta, Which mav most easily 


} 


be tound trom a table” of the funetion wt: If we call this root x 


equation (327) tor the propagation constant y becomes 


and on taking the square root by the binomial theorem we fi 


attenuation and phase constants of the principal mode, 


wy ue 


It Is easyVv to Verily that 350 reduces to the eXpresslonus previously 
obtained lor the uttenuation constants of ¢ logston | and (‘logston 2 
lines in the limiting cases s' < ya and s a respectively If ‘ 2a, 


9 . 
348 VIVES 


so that from (350), on making use of Clogston’s condition, 


(ih / a l 
V ie gbs V po/€ qbs 


which “uvrees with equation 110) of Seetion 


hy 0, then from (348 


and (350) becomes 


us 


ZN Myre qa 


Which is the same as equation (288) of the preceding section 

The general expressions (333) and (334) for the fields in a plane Clog 
ston line with infinitesimally thin laminae and high-impedance walls 
simplify considerably for the principal mode, since xo is so small that to 
a good approximation for y  S 3b we may replace sh Koy Koy and 


ch k / by unitv. We then have, in the main dielectric, 


See for example Reference 18, Addenda 
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bitrarv amplitude factor, The 


to the upper stack and 


he potential and current distribu 


Pay 
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tions may easil\ be obtained, if desired, from the expressions for the 
field components 

As a numerical example we have plotted in Fig. 13 the fields of the 
principal mode for plane transmission lines in which the stacks fill 
respectively one-quarter, one-half, three quarters, and all of the total 
available space For simplicity we have taken u UU, € é, and nor- 
malized the fields so that the total one-way current is the same in all 


four cases. The average current density is of course GF, in the stacks 


and zero in the main dielectric. The first case approximates most nearly 


to the extreme Clogston 1 line discussed in Part I, while the last case 
is the complete Clogston 2, and the intermediate cases show the transi- 
tion between these two structures. The following table gives x:8 as a 
function of the fraction s/4a of the total space filled by the stacks, and 
also the quantity iar), which is equal to the ratio of the attenuation 
constant of the line to the attenuation constant of the complete Clog 


ston 2 


5471 
SHOS 
1924 


5708S 


The principal mode in a coaxial Clogston cable corresponds to the 
lowest root in Ty of equation (339). For the principal mode we are 
justified in assuming that in the main dielectric 


| Kop <1, 358) 


so that the Bessel functions occurring in equation (339 may be replaced 
by their approximate values for small argument. We thus find that, to 


a very good approximation, equation (339) reduces to the same form as 


=), 


where the stack impedances Z; are given 


equation (41) of Section Ll, namely 


If as before we let 
I 


then from (330) x, becomes 
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df replacing the modified Bessel funetions in (337) and (338) with 
ral near iT sse| hhnetiois recording to etl itions (292) ot Section VIII, 
Ve obtu 
7 x J ya \ Xp \ yl J xp ay re) 
4 - ; ee 
q B ya \ xp \ xl J xp 
y X ei x) \ Xp \; yb of X pr 22 
” , . othe 
GQ Ji(xpeNi(xh Nil x pei J (xb 
Sul iting (361 gO2). and (363) into (359) and setting € « My fh, 
eget alter a little rearrangement, 
| e ya \ XP Vi aL J XP 
ip / yal \ xp \ ya J Xp 
(304) 
Lo Sib) Nolpe) — NiGxb)JoOxpe) low P2 
, ; - — IOF 
vez Jil xp) Ni (xh Ni (Xp2) J i(b M p 


, then the attenua 


I} x thre ~“rmiatlest positive root ol equation (364 
thon and phase constants of the principal mode are 
a . 365) 
2% n/é€@ 
ann 
} WY He HOO 
Phese expressions for @ and 3 are of exactly the same form as equations 


%°OQ) tor a complete Clogston 2, except that x; is now de 


POH | (| 
364) instead of equation (293). It 


termined Trom equation Is easV tO 
how that (364) reduces to (293) if there is no main dielectric, that is, 


en values of the four ratios ab, pi/b, pe/b, and wo, &, equa- 


tion (364) mav be solved for yb by numerical or graphical methods 


kor wiv iy 


However if we wish to examine manv eases, so as to investigate the 
irving some or all of the parameters, a more efficient proce 
IS Tie dled Such i method Is proy ided by the observa 


dure lor findu vy YX 
S64), 1t is 


on that in spite of the compheated appearance of equation 
really just the equation which determines the eigenvalues in a rather 
simple two-point) boundarv-value problem, which is well adapted to 
ution on i differential analvzer. We digress briefly to formulate this 
Dorel ett 
Phe differential equations for the fields in the main dielectric can be 
put in the form of equations (67) of Section IIT, namely 
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pl! dp 1we ol: 
307 


dk dp (Ky LWépp oll 


where the propagation factor ¢ ‘ has been suppressed. On the othe 


head, equations 270) tor the fields in a staek of infinitesimally thin 


laminae vield 


pll dp gok F 
36S) 
dp lL’; gp pli, 

Where Py, is given by (323). If we neglect the displacement current in 
the main chelectric compared with the conduction current in the stacks, 
replace Py by 7x, express ao In terms of x by (361), and write go, @ for 
é«, We obtain the following equations for the fields in the coaxial 
Clogston line: 


kor aa p 


while for p, * 
pll,)/dp 
d gk dp 
and for p» = 
pl dp p ak 
SOUL) 
d gk dp X p pil. 


The quantities pll and gk must be continuous at p amd p» ; and 
the two-pornt boundary condition at the infinite impedance surhaces 


p a and p bh, namely 
all ola HIT o(b : 370) 


determines a sequence of eigenvalues x; , x2, x3. °°° , of which the low 
est corresponds to the principal mode. [t is a routine matter to integrate 


equations (369) in terms of Bessel functions and logarithms, and to show 


that the continuity and boundary conditions lead exactly to equation 
(364 


If equations (369) are set up on a differential analyzer with adjustable 


values of x’, a/b, pi bh, p b, and My My, It isa simple procedure to make a 
few runs with different choices of i and so to locate the approximate 
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wlue of x; Which satisfies the boundary conditions for the given values 


u 


of the other parameters. [f additional accuracy is wanted, it is then not 


Pi 
too difficult to refine this “ppronimate value by desk computation The oO} 
results of quite a number of exploratory calculations which were made “ 
ore thie Laboratories renernl purpose analog computer will be shown 1] 
later this section on 
Phe fields of the principal mode in the main dieleetrie of a Clogston St 
cable are given ipproximatels hy equations 16) of Section IT, namely tl 
( 
] I 
HT, ~ f p 

2rp 
re 
s! 


/\ p Z 


, Oo 
/ ~ log { log Pl ‘ “ 
Zr log (p2/ pi) Lp p p» p es 
tl 
iOTa 2p Pp where | Is an amplitude factor equal to the total current n 
flowing in the Positive zZ direction in the inner stack, and Z, and Zo are t 
given by writing x; for yx in (362) and (363 resper tively Vhe fields in i! 
thie er sStive k ire \ 
i 7 / Ni x10 J xip J x1) Nil xip) ¥ 
2p \V elu J Xip J ilx a Ni(x1p1 “ 
] rv / \ yl J Xip Ji(yaa) Ny (yap) Q7) re 

, > : (42) 
| € 2rp N Yid J X1p1 J 1 xa N 1(X1p! r 
} v1 Vila) Jo(xip) Ji(yia) No(xip) ( 
~ = = ¢ , 
qd 21p Ni(xia J (x 1p) J x14 N 1\X1p1 

ira Ss Ss While in the outer stack we have 


/ Vi x10 J; Xp J; DN, X1p/ 
2rps Ni(xab)diGap Jab) Ni(xipe 


j ‘ i / V; iD J Xyip JiGxab) NiGxip) ‘ (279 
4 ~ ’ T . ; ra 

| € 2p. Ni(xib)di(xipe Jia) Nilxip: 

7, ae Vilyib)Jo(xyip Jab) NoQap) , 

GQ 2rp, Ny(xib)Ji(xip J (xb) Ni (xip2) 
for p p = bh. The potent al and current distributions Tt be caleu 
luted in the usual wav from the fields 

As numerical examples we have plotted In hig 14 the fields ot the 


principal mode in two Clogston coaxial cables. Fig. 14(a) shows a 
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cable in which u Lu, € é, and with the dimensions a O.OS40, 


p} 0.4156, and p O.S31Lb, these proportions having been found 


optimum, as discussed below, for a cable without magnetic loading in 


which the total thickness of both stacks is arbitrarily chosen equal to 
Mh. Fig. 14(b) shows the fields of a complete Clogston 2 with no innet 
core, the scale bemg chosen so that the total one Way current Is the 


sume in both cases. The attenuation constant of the first cable is 1.234 


times that of the second one. Fig. 14 may be compared with Fig. 13 


for the plane geometry, whence it should be possible to visualize ap 
proximately the fields of the principal mode in other coaxial structures 
representing various stages of the transition between the extreme Clog 
ston 1 and the complete Clogston 2 cable 

Now let us consider a Clogston line with infinitesimally thin laminae, 
having fixed external dimensions and containing only materials: with 
given electrical constants. We may pose two questions: (1) Supposing 
that for some practical reason the total available thickness of laminated 
material is also fixed, how should this material be divided between the 
two stacks to minimize the attenuation constant of the line? (2) Assum 
ing that the total thickness of laminations in the line is at our disposal, 
What is the optimum amount of laminated material from the standpoint 
of minimizing the attenuation, and how should this material be distrib 
uted in the optimum case? 

For plane transmission lines the first question is trivial; the stacks 
should always be of equal thickness. In a coaxial cable, if the filling 
ratio (8; + se)/b is given, the proportions of the cable are completely 
determined when we specity, for example, the relative radius a, 6 of the 


core and the relative thickness s; (s; + s2) of the inner stack. The opti 








/ 





2 Ff 


Fig. 14-—Fields of prineip in partially and completely filled coaxial 
Clogston lines with uz 
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3 4 0.5 ).€ 0.7 0.8 0.9 
(S;+Sa)/b 
Fig. 15 Relative proportions and relative attenuation constants of optimum 


Clogston cables with different filling ratios and gp Li, e€ “; 


mum values of these two ratios in the extreme Clogston 1 case, where 
ho have already been given in equations (138) and (139) of 
Section IV, while in a complete Clogston 2 with s; + 


should) be divided 


Ss b. the stacks 
at the radius 0.62766, where according to equation 
314) the current density is zero. For intermediate filling ratios, with 
any fixed magnetic loading ratio gw) a, the optimum distribution of 
lnminated material can most easily be found numerically by calculating 
yor Oh) for a number of different choices of the ratios ab and 
S P and then locating the minimum hy double interpolation. 
Phe results of applying this numerical procedure to Clogston cables 
with various filling ratios and no magnetic loading are plotted in Fig. 
15, the necessary values of X h having been found on the analog com 
puter and then refined by desk computation. Fig. 15(a 


shows the Op- 
timum values of ab and si/(s; +. 3s 


as functions of the filling ratio 
While Fig. 13(b) shows the corresponding Value of xb 3.03 
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which by equation (365) is proportional to the attenuation constant. 
We note that the Clogston 2 line with filling ratio unity has the low- 
est attenuation constant of any cable of the same size without mag 
netic loading, but that the attenuation constant increases only slowly 
as the filling ratio decreases, so long as the ratio is greater than about 
one-half. It also appears that the minimum in x;), considered as a fune 
tion of a/b and s,, (s; + se) for a fixed filling ratio, is quite broad, which 
means that in practice one can attain very nearly optimum perform 
ance even while deviating somewhat from the optimum proportions. 

If the filling ratio is at our disposal, then the solution of the optimum 
problem is as follows: When there is no magnetic loading of the main 
dielectric relative to the stacks, that is, when wo < @, then minimum 
attenuation is obtained with a complete Clogston 2. If on the other hand 
there is magnetic loading of the main dielectric, so that Mo > BH, then 
minimum attenuation is obtained with a filling ratio less than unity, 
whose value is a function of the ratio wo Z. 

According to equation (350), the attenuation constant of a plane 
Clogston line is 


where xi is given by equation (: 


xi tan xs 
Hoh 
To find the minimum value of x; When a and wo @ are given, we differ- 
entiate (375) with respect to s and set dy, ds equal to zero. This v1Vves 
, i 

x, seC Ys 71 
Mo\ 2d 
which when solved simultaneously with equation 375) leads to 


. Bea : 
sin x18 = VWB/w, X1 : Sin V if/ pe - sah 


Substituting this value of x; into (375) and solving for s in terms of a, 
we get 

1 Mo SIN V i/u 

5a 


wo SIN VE /po + VE(uo — @ 
and from (374) the corresponding attenuation constant is 
» 


, 


eee ~_ - 
Siti VKH wo T VV Bp 


Vit eqa 


CGS Sah ee SULIT 
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ies, the optimum \ alue of 
iat the filling ratio decreases from 


1, equation (376) does not vield a real 


Clogston line wi ut magnetic loading the optimum 

unity, as we have see +, while in the presence of 
loading a smaller filling ratio is optimum. This filling ratio 
optimum distribution the laminated material in the cable 
letermined by numerical analvsis for any given value of wo, Z. 
ibly evident on physical grounds, and can be proved mathe- 

i variational argument applied to the lowest eigenvalue 
369), that whatever may be the radil Pi and pe of the main 

st attenuation constant is achieved when a = ), 

vhen there is no core inside the inner stack. (This is only a 
mit; from a practical standpoint, the use of a small core 
manufacturing process is not likely to make any significant in- 


the attenuation of the cable For each value of the loading 


therefore, we have merely to minimize the value ot (xi) “as a 


i TWOTETIOS py 0 and po O, vhich can be done by the double 
terpolation procedure mentioned earlier. We find that as wo’ in- 
ies from unity to very large values, the optimum value of p, de- 
es from 0.6276) toward 0.3930b, while po increases from 0.62765 to- 
d O.S226h. 1 he fil] ng ratio decreases from unity toward 0.5704. 
p, and po when po Zi > | are derived from equa- 
method shown in \ppendix LE: 
eX imple we have col sidered i Clogston cable with 
plimum proportions of this cable and the corresponding 
PpProximatlely 

0.4264 O.7496h. y, = 2.120/0: 379) 

itim att tl | constant is 

3.099 
V @/eqgv 
t ota complete Clogston 2 with the same 


rom (31S 


381) 
\ i/é€ qo 


‘constant of the optimum loaded cable is only 
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about 0.504 times that of the optimum unloaded one. In this example, 


of course, we have said nothing about the effects of magnetic dissipa- 


tion. 

In the above work we have assumed that the electrical constants 
i, é, 9 of the stacks and wo , & of the main dielectric were all fixed quanti- 
ties. We now consider the case in which the electrical constants of the 
conducting and insulating layers are given, but the fraction @ of conduct- 
ing material in the stacks may be varied. We also suppose that the con 
stants of the main dielectric are at our disposal, so that Clogston’s 
condition may always be satisfied. When then is the optimum value of 6? 

If we express €, 4, and q in terms of the constants of the individual 
lavers by equations (268) of Section VIII, we find that the expression 
for the attenuation constant of the principal mode in a Clogston line 


becomes 


X1 ; Vex 


“Vi eg 24(1 6)*[Ou, + (1 — @)pol’a, 


A 


Qe. 
382 


where x; Is the lowest root of equation (348) for a plane line or equation 
364) for a coaxial cable. We wish to minimize @ as a function of @. 

If the conducting and insulating lavers have different permeabilities 
(wu, * ue), then in the general partially filled line x; depends on 6, through 
the factor @ in equation (348) or (364), as well as on the geometric pro 
portions of the line. In the limiting case of an extreme Clogston 1 line 
we found in Section IV, equation (145), that the optimum value of @ is 


383 


while in a Clogston 2 with no main dielectric, it turns out from (348 
or (364) that X1 is independent of 6, and an elementary caleulation shows 
that the value of @ which minimizes a@ is 
Zuo) (My burps + Spo) a4 
SC. — pe 

For the general] partially filled line, however, there seems to be no simple 
expression for the optimum value of @. 

If the conducting and insulating lavers have equal permeabilities, then 
the average permeability wMl= py M2) IS independent of #, and matters 
are much simpler. Since x; is also independent of #, the minimum value 


of @ in equation 382) is achieved when 
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that is, when the thickness of the conducting layers is twice the thickness 
of the insulating layers. Thus the result obtained in Section LV for extreme 
Clogston | lines is shown to hold for Clogston lines with an arbitrary 
degree of filling, provided only that the permeabilities of the conducting 
and insulating lavers are equal 

We emphasize that the preceding results apply only when the layers 
are infinitesimally thin. If the lavers are of finite thickness, then the 
optimum value of @ will be less than that caleulated for infinitesimally 
thin lavers. The case of finite lavers will be discussed in Section XI. 


X. HIGHER MODES IN CLOGSTON LINES 


We shall now investigate certain of the higher modes which are possible 
in Clogston-tvpe transmission lines. As elsewhere in this paper, we shall 
restrict ourselves to modes having //,, b,, bk. or H,, F,, E- field 
components only, and for simplicity we shall assume stacks of infinitesi- 
mally thin laminae backed by high-impedance boundaries; but we shall 
place no restrictions on the relative thicknesses of the stacks and the 
main dielectric. We shall suppose, however, that the main dielectric 
alwavs satisfies Clogston’s condition. From physical considerations we 
iiticipate the existence of higher modes of two types: 

1) Ina partially filled Clogston line containing a finite thickness of 
main dielectric, there will be a group of modes very similar to the modes 
Which can propagate between perfect conductors when the frequency is 
high enough to allow one or more field reversals in the space between 
the conduetors In a Clogston line these modes will have most of their 
field energy in the main dielectric, and for lack of a better term may be 
called “dielectric modes”. They will all be cut off at sufficiently low 
Prequencies, and for this reason are not likely to be of much engineering 
mportance. The cutoff frequeney of any particular dielectric mode is 
ipproximately inversely proportional to the thickness of the main di- 

ric, so that these modes cannot exist ina completely filled Clogston 2. 
Phere will also be a group of modes which are closely bound up 
h the laminated stacks, and which correspond to one or more current 
in the stacks themselves; we shall call these the ‘stack 
modes Phe stack modes will propagate down to zero frequency on 
either a partially or a completely filled Clogston line. They will have 
higher attenuation constants than the principal mode, but occasions 
rise in Which they are of considerable practical importance. We 

shall therefore consider these modes in some detail in what follows. 


nodes in plan ines were discussed bv Clogston in Reference 1, 


IV VI. 
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As we have seen in the preceding section, the even and odd modes in a 
plane Clogston line with infinitesimally thin laminae and high-imped 
ance boundaries correspond respectively to the roots of equations (331 


and (332), namely 


tanh $v wwe g Vb tanh Tys 


coth Ay we Cb tanh Tes 


In either case the propagation constant y is rel: 


Y —~w pe CWE q ¥ 


and the field components are given by (333) and (3: for the 
modes, or by (335) and (336) for the odd modes. 
Our first observation relative to equations (386 and (387) is that the 


right-hand sides of these equations are extremely small compared to 


unity. Since the right-hand members are of the order of magnitude of 


we J)’, at least one of the two factors on the left side of each equation 
must be of the order of (wé q . which is still small compared to unity 
It we consider the factors separately, there will be an infinite number of 
values of Ty for which each vanishes, since the hyperbolic tangent 
vanishes whenever its argument is equal to mai, where m is any integer, 
and the hyperbolic cotangent vanishes whenever its argument equals 
(m + 4)qt. Since the coefficients of T'y in the two factors on the left 
side of either equation have different phase angles, we see that both 
factors cannot vanish simultaneously for any non-zero value of T 
However as we have noted earlier the coefficient of [', in the first faeton 
is very much smaller than the coefficient of Ty in the second factor, and 
so in equation (386) both hyperbolic tangents may be small in the 
neighborhood of the first few non-zero roots of the second one. On the 
other hand the second hyperbolic tangent will not be small in the neigh 
borhood of the non-zero roots of the first one; and in equation (387) the 
hvperbolic tangent and cotangent will never be small simultaneously. 
With these remarks in mind we shall proceed to a more detailed study 
of the various higher modes. 

One group of modes is given to a good approximation by the condition 
that the first factor on the left side of equation (386) or (387) vanishes, 
that is, 


V we 9 Vb > mm, 389 


where m = 1, 2,3, +++ , and the even values of m correspond to the even 





0 RS en ec 
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modes while the odd values correspond to the odd modes. In this section 
we shall exclude the case m 0, which corresponds to the principal 
mode discussed in the preceding section. From (389) and equation (330 
of Section IX, we get 


391 
h 


of the mth mode are given by substituting these quantities 
into (333) and (334) if mis even, or (335) and (336) if m is odd. 
rom ¢ quation 388), making use of Clogston’s condition, the propaga- 
tion constant of the mth mode of this family is given by 
vy & Ww poe tT “ob tr NS + om o/b’, (392) 


I 


where Ay is the wavelength of a free wave in the main dielectric at the 
operating frequency. To this approximation the values of y are the 
same as the propagation constants of the family of modes (with //,, 
K and EF. field components only) which are possible in a dielectric 
slab of thiekness 6 between pertect]y conducting planes. The cutoff 


wavelength of the mth mode ts 


tion constant being real, to the present approximation, 
iid pure imaginary if Ay < A.. We see that the cutoff fre- 
ersely proportional to the width of the main dielectric, 


family of modes is not possible in a completely filled Clog- 


orth noting that the effeetive skin depth of the stacks for the 


from (390), 


h ") » X ae 
= | — 394 
Tks | g r | Wu] 


is just above cutoff, then A is of the order of magnitude of 


wigi), but as w mecreases indefinitely A also increases in- 
for the ideal stack of infinitesimally thin laminae. The physi 
nation os simple: When the mode is near cutoff the phase 


very high, but as the frequency 1s increased the phase velocity 


ipproaches the velocity of a free wave in the main dielectric, for which 


fective skin depth al the stacks Wiis designed hy Clogston’s condi 
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tion to be infinite. By increasing the woe product of the main dielectric, 
it would be possible to make the effective skin thickness of a stack of 
infinitesimally thin lavers infinite for any given mode at any single 
specified frequency, but at the moment this possibility appears of 
scarcely more than academic interest. Of course the practical limitation 
on effective skin depth at high frequencies is the finite thickness of the 
lavers, a consideration which we do not take into account in the present 
section. 

The attenuation constants of the dielectric modes, when these modes 
are above cutoff, may be calculated either by obtaining the small cor 
rections to the values of T, due to the fact that the right side of equation 
(386) or (387) is not rigorously zero, or by taking one-half the ratio of 
dissipated power per unit length to transmitted power. Either method 
_gives for the mth mode, assuming the stack thickness s to be large 
compared to A, 


mmr i V 2 wig 


b> po y/] Ao/d 


395 


Equation (395) assumes conducting layers very thin compared to the 
skin depth, a situation which may be difficult to achieve at frequencies 
high enough to permit the modes of this family to propagate 

Another family of modes which can exist on a parallel-plane Clogston 
line is given by the condition that the second factor on the left side of 
equation (386) or (387) shall be nearly equal to zero. As pointed out 
above the even modes present a slight complication; since the coefficient 
of I; in the first hyperbolic tangent on the left side of (386) is very small, 
this factor may be comparable to or smaller than the term on the right 
side in the neighborhood of the first few roots of the equation, in which 
case the second hyperbolic tangent will not be small compared to unity 
at these roots. For all the modes in which we can conceivably be inter 


ested, however, Ib!) will be a small fraction of the very large number 


24/9/we, and we may therefore replace the first hyperbolic tangent on 


the left side of (386) by its argument. Thus on making the usual sub- 


stitution, 
I", : ie y¥, 396 


we get for the even modes, 


xs tan xs = = 39% 
Ho 


which is the same as equation (348) of the preceding section. On the 
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hand, the odd modes ot 


other 


tan xs 


since the hyperbolic cotangent 


value of Ty (or x 


small tor the same 


has ali 


thickness 6 of the main dielectric 


1 2()7 
equation Soar 


iver to pr as pP MCreases buat 


X ip) 


| he POSTED e roots of equation 


X25 X45 Xe 


X 

ili 

Kl > Ata x 

Phe ad 
thisare the 
104 
call hy the even modes, 
hie 


terms ol x 


Ith the Sequence 


bee li 
38S 396 


from and 


Tri 


Xx 


JOURNAL, 


this family are 


on the left 
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all gi\ eri 


side of (387 


as the hyperbolic tangent 


infinite number of positive real roots, 


Is hot zero, so that 


a 0, then 


ap - a 


OOS) may be called 


X 


and vice versi. 


ittenuation pet radian is small, we have 


b 


2u B/éEG 


5 = 
ecOMmMe, 


pr 


WY ME 


for the completely filled Clogston 2, 


‘) 


2V eu éga 


= WV HE. 


the 


approximately 


30S 


will never he 


which 


399) 


100) 


right 


is finite, the higher roots X2p 41 approach nearer 


10] 


(402) 


103 ) 


both sets of roots mav be combined in the single sequence 


(404 


uitages of designating the principal mode as the first rather 
zero-th mode seem to outweigh the minor disadvantage that 


the odd subscripts correspond to What we have 


itenuation and phase constants of the pth mode are obtained 


Under the usual assumption that 


(405) 


(406) 
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From (330) and (396) we have for the pth mode, 


lr, Xe; 109 


The fields may be obtained by substituting Py and xy into equations 
(333) and (334) when p is odd, or (335) and (336) when p is even 
For the modes in which we are interested, that is, for sufficiently small 
values of p, we may replace sh xoy by «oy and ch xy by unity when 
/ < Bb. Then for the modes with odd subscripts 2p | we have, 
in the main dielectric, 


th, While in the stacks, 


1 Ma t 


sin n+ 
= I an 
Sin X2p+15 


for }b S  y| S 3a, where the upper signs refer to the upper stack 


and the lower signs to the lower stack. Of course the arbitrary amplitude 


factor Hy need not be the same tor different values of p. Similarly for 


the modes with even subscripts 2p the fields in the main dieleetrie are 


ie (0, 


Ey 0, 
> pe Ho 
qs 


< y < 4b, while in the stacks, 


for —}b y 
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H 


prita F 


s 


\/ ; Hy sin 


fl I 
is IW\5a Tr Y) 
f ~ HH COS I st é 
qs 8 
for 4b : | S 4a, and again the upper signs refer to the upper 
stack and the lower signs to the lower stack. 


In a complete Clogston 2 the expressions for the fields simplify a 


good deal. For the modes with odd subseripts 2p + 1 the fields are, 


lor la < z Li 


Te Boon Oe 


a 


= : ii _ (Zp + 
Ky V F Hy cos 


(2p + 1)e (2p + 
me i neessen ly a oo 
qa a 


while for the modes with even subscripts 2 


H. = He sin Se 


a 
r 


Ez - (/ = Ho sin 


9 
opTy ; Vapt 


a 


. _2pr eon 


qa a 


2pry 
f 


Phe fields of the higher modes in a plane Clogston 2 are simply related 
to the fields of the principal mode shown in Fig. 13(d). The fields of 
the pth mode may be obtained conceptually by stacking up p “layers” 
each of thickness a,p, the fields in each layer being identical with the 
fields of the principal mode except for the seale reduction and a phase 
difference of 180° between adjacent layers. Equation (407) shows that 
the attenuation constant of the pth mode in a plane Clogston 2 with 
infinitesimally thin laminae and high-impedance walls is Just p” times 
the attenuation constant of the principal mode. 

be observed that if we are considering a partially filled plane 
line with 6b > O, then the propagation constants of the 2pth 


i 
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and the (2p + 1)st stack modes will be nearly the same for sufficiently 
large values of p (how large depends on the ratio of stack thickness to 
main dielectric thickness). Except for differences in sign, the fields in 
the stacks will also be the same up to second order differences which 
our approximations do not show. The physical interpretation is that 


for a thick enough main dielectric and/or sufficiently large values of p, 


the fields are confined almost entirely to the two stacks, being rela- 
tively small in the main dielectric, while the stacks act like a pair of 
almost independent Clogston 2 lines each of thickness s and carrying a 
particular Clogston 2 higher mode. 

Figs. 16 and 17 show field plots for the second and third stack 
modes (i.e., the first and second higher modes) in the same four plane 
Clogston lines that were used to exhibit the behavior of the principal 
mode in Fig. 13. Note however that these plots are not normalized 
and that the horizontal scales on the figures are not all the same. The 
following table gives xyes and x8 as functions of the fraction s/4a_ of 
the total space filled by the stacks, and also the quantities (,oa/m 
and (x;,a, 7), which are just the ratios of the attenuation constants of 


Cz 
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Fig. 16——-Fields of second stack mode in partially and completely filles 


Clogston lines with pe BR, & = € 
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these modes to the attenuation constant of the principal mode 


completely filled Clogston 


compared with those given in Section IX. for 


results may be 
the principal mode in plane Clogston lines having the same proportions. 


These 
Purning now to the evlindrical geometry, we remember that all the 
a coaxial Clogston line with 


modes in 
given 


circular transverse magnetic 
initesimally thin laminae and high impedance boundaries sare 


Vv the roots of equation )) of Seetion rx. namely 
1wenZ Ky Ap 


we ZK Kopy) 
1weZ 1 \ T tweZol Avp 


i 
9 
OO. 
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where 


Te Ao Top di(t ea) + A(T alo T py 

9 A(Payl(Ea) — Ay(Cipdli(tea 
Z. ', K (Tepe) Ly re - Ay Vb) Lo Pepe 119 

G9 Ave )l(Tadb) — Ay Pb) Ly (T ep 
Physically it is clear that the modes of the coaxial cable must be of the 
same general types as the modes of the parallel-plane line, and so ir 
seeking the roots of equation (417) we shall be guided by the results 

which we have already found for the plane structure. 
The dielectric modes in the cable may be located, to a first approxi 

mation, by setting Z; and Zs equal to zero, whence (417) becomes 


K Kop? Kk Aype! 


The substitution 


transtorms (420) into 
J o(hpy)No(hp J (hps) Nothpy 0 


Equation (422) has an infinite number of real roots Ay , h 
h,, ++: , of which the mth one may be written in the form™ 
mF ,.(p. p ; 
123 
pr Pi 
where F,,,(pi, p2) is a function which increases from slightly less than 
unity at pi p 0 to unity at pi /p: 1. From equations (330) and (423 


we have, approximately, 


1+ 2)mrlk,,(p; p 


imrk,, pi p a 
$25 
pe p 
and the fields of the mth mode are given by substituting these expressions 
into equations (340) to (344) of the preceding section 


From equation (388) the propagation constant of the mth dielectric 


] 


teference 18, pp. 204-206 What we call mrF m(p;/p2) is tabulated by Jahnke 
ind Iimde., pp 205-206, as (fh L)a 4 ‘ where / 
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mode is defined by 


‘ ‘ lr \; + | d 


7 WwW 


to the present approximation, and the cutoff wavelength is 


he (427) 
mF’,.(pi p 
vhich tends to zero with the thickness p iy of the main dielectric. 
\s in the parallel-plane case, when the mth dieleetrie mode is just 
ible to propagate the effective skin depth in the stacks is of the order of 


and the stack impedances are approximately 


Z Z kK ly 4g, (428) 


under the present assumption of infinitesimally thin laminae. The powet 


dissipated in the stacks and the corresponding attenuation constant 
mav be caleulated by a straightforward procedure if desired 

Before leaving the subject of higher dielectric modes in a Clogston 
cable, we should point out that although we have mentioned only the 
transverse magnetic modes with circular svmmetry, in reality there exist 
a double infinity of both transverse magnetic and transverse electric 
higher modes. These modes are discussed in textbooks” for coaxial lines 
bounded by perfect conductors, and they will propagate, with minor 
changes due to wall losses, in either ordinary or Clogston-tvpe coaxial 
the frequency is high enough. At ordinary engineering fre- 
however, the higher modes contribute only to the local fields 


discontinuities, and are therefore not of any great practical 


the stack modes in a C‘logston cable we assume, subject toa 
verification, that in the main dielectrie we shall have kp) << 1 
Then if we set T, tx, equation (417) re 


modes of interest 


mi Section x. to 
XP V; ya J X Pi 
Kp Ni yadi(xp 


ie f yb Volxp - Nilxb J (x pa) 
x2 J (xp) Ni(xb Nil xpd ib 


same as equation (864). Equation (429) has an infinite 


Te | ecount is given by \I reuvitzZ, Wa equ de Handbook, NI I st 
eries, 10, MeGraw-Hill, New York, 1951, pp 72-80 
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number of real roots, 


AAs we ees *"*. oan KO PSs (430) 


of which X1 corresponds to the principal mode and Nes Ny *** 5 WO 
the higher stack modes. The x’s are the eigenvalues of the system of 
equations (369), and as such may be located approximately with a 
differential analyzer, or as accurately as desired by numerical solution 
of equation (429). The attenuation and phase constants of the pth 
mode are 
Xp ‘ 
a=- : 9 (431) 
2V H/eg 
8B = w/e, (432) 


provided that the attenuation per radian is small, i.e., that p is not too 
large. The fields are given by writing x, for x: and y, for y in equations 
(371) to (373) of Section IX. 

9 


For a Clogston 2 with no main dielectric we can set p; po in equation 


(429) and obtain the much simpler form 
J (xa) Ny(xb Jilxb)Ni(xa) = 0. 


) 


The pth root of (433) may be written” 


prf,(a, b) 


> ae } ’ (4 +) 
y= Gg 


where the functions f,(a/b) have values slightly greater than unity when 
a/b = 0, and decrease monotonically toward 1 as a/b approaches unity. 
The attenuation and phase constants of the pth mode in a Clogston 2 


are given bv 


prt» a/b) 
a=— oe 


2~N ‘i /é ab — eo 


B= w/e, (436) 
provided that p is not too large. The attenuation constant of the pth 
mode is thus approximately p” times the attenuation constant of the 
principal mode, the approximation being better the closer the ratio 
a/b is to unity. The fields of the pth mode may be obtained by writing 
Xp for x: and y, for y in equations (302) of Section VIII, or equations 

0. Qualitatively these fields are very similar to the fields of 


teference 18, pp 204-206. What we call pxf,(a/b) is tabulated by Jahnke and 
Emde as (} -(P) where k = b/a 
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the pth mode in a parallel-plane Clogston 2, with the same number of 
field maxima and field reversals for a given value of p, though of course 
the spacings and amplitudes of the field maxima are not all equal in 
the coaxial cable. 

As numerical examples we have plotted in Figs. 18 and 19 the fields 
of the second and third stack modes (i.e., the first and second higher 
modes) in the same two Clogston cables which were used to show the 
principal mode in Fig. 14. The horizontal scales on these figures are 
arbitrary and have no relation to one another. Figs. 18(a) and 19(a) 
represent a partially filled cable with the same dimensions, namely 
a 0.0845, py O.415b, and pe 0.8316, as in Fig. 14(a), while 
Figs. IS(b) and 19(b) represent a completely filled cable, as in Fig. 14(b). 
The following table shows, as a function of the filling ratio (s; + s»)/b, 


the quantity (y,b/3.83)° for p |, 2, 3; this quantity is just the ratio 


of the attenuation constant of the given mode to the attenuation con- 


stant of the principal mode in a completely filled Clogston 2. 


24.273 


7.050 


We note that although the proportions of the partially filled cable were 
found in Section IX to be optimum, in the sense of minimizing the at- 
tenuation constant, for the principal mode in a cable with filling ratio 
0.5, there is no reason to believe that the same proportions will be opti- 


mum for the second and third modes with the same filling ratio. 


-|£¢ 
on ,afle, 
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tack mode in partially and completely filled coaxial 
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XI. EFFECT OF FINITE LAMINA THICKNESS. FREQUENCY DEPENDENCE OF 
ATTENUATION IN CLOGSTON 2 LINES 


We shall now study Clogston 2 lines with laminae of finite thickness, 


and shall investigate the important practical question of how the propa 


gation constant varies with frequency in such lines. Much of the analysis 
of the present section will deal with parallel-plane structures, but we 
mav be confident that the results will also give at least a good qualitative 
estimate of the behavior of coaxial cables 

The notation for the plane Clogston 2, shown in Fig. 10, is the same 
as before, except that we now assume the thicknesses of the individual 
conducting and insulating layers to be 4, and & respectively. For definite 
ness we shall suppose that there are 2n conducting layers and 2n in- 
sulating lavers in the whole stack, with a conducting laver next to the 
lower sheath and an insulating laver next to the upper sheath, though 
the precise arrangement is of no real importance if the number of layers 
is large. The total thickness a of the stack is 2n(t; + t), and the frae 
tion of conducting material will as usual be called @. 

The boundary conditions for ans mode having H , Ey. and E 
field components only require that the sum of the impedances looking 
in Opposite directions normal to any plane y constant be zero. If 
we match impedances at the lower sheath 1 sa and use equation 
(65) of Section ILL for the impedance looking into the stack, we have 

17,.(y)(Kie' + Koo moh te Ay Kesh 2nt 


T 


: Zi(y) = 0, (437) 
Z,(y) sh 2nI + Ky aeT 4K panty , , 


where T, A, , and Ae are given by equations (61) and (63). If equation 


é= 
~ ap 
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i 
7 
~ 
~ 








/ 
‘ 
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Fig. 19 Fields of third stack 
Clogston lines with wo = 2, « 
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it takes the form 
Zn\ (438 
VA ov 
ln order to simplify the general expressions for Ty, Ay, and Ae , we 
make the following approximations: 

1) We neglect we g, compared to unity, where e€ represents the di- 
electric constant of either the conducting or the insulating lavers. As 
ve have said before, this is an exceedingly good approximation at all 
engineering Trequencies 

it) We neglect y° oj y / tow.) Compared to unity. It turns out 
that not only is this approximation valid in the frequeney range of 
greatest interest, where y is approximately equal to tw V/gé, but also 
it is valid all the way down to zero frequency, so that in the present 
section we can easily derive results for the complete frequency range 
down to de. So long as y/o, < 1, we have from equations (56) of 
Section TH 


Kx, wo, Hy we hh . 130) 


/ 


lil) We suppose that the thickness f. of the lavers of insulation is so 


small that we may replace sh ele by Kkefe and ch keto by unity. These 


approximations will be amply justified if & is not greater than a few 


times the skin depth in the conducting layers at the highest operating 
Prequenes 
Phe foregoing approximations lead to results identical with equations 


SO) and (S7 t Section THT, namely 
ify } ch Kit} . (440) 
+ M1, Noy Kolo Coth Kili + i, , 


(441 
+ 11,2o,Kels Coth nt) + 3 
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Where é and @ are given by equations (268) of Section VILL. The propa 


gation constant y Is thus related to g by 


D Ouid 
wVY pre | lt 
(] A) 


Oyuy(q 1) | 

Wy ME T ° 

; Ps 3 

In terms of q and the electrical thickness parameter © used in Part I, 
hamely 


(-) oil, | 1 Oo) > mh, bid 
equations (440) and (441) become, approximately, 


ch i ch (-) hyo) shy (-). 


(-) 
Ky WO + Vigo qo coth & + 1 |, 
Gils 


° (-) ' 
Ko» | sq? rf igo qo coth ~) + 1] 
gily 
In the general case When the sheath impedance L,A) Is a given 
funetion of +, We substitute the EXPresslons lor kK, and As into equation 
(438), namely 


(Ky + K)Zaly) + Aik WT 
+ Ko)Z,(y) 4 oe 
awnd then determine y for each mode by simultaneous numerical solution 
of equations (443), (445), and (447). At least as a first: approximation 
we may neglect the total current in either sheath compared to the one 
Way current in the stack; to this approximation Z,(y) is effectively 
infinite and (447) becomes 


bis 
The non-zero roots of this equation are 
I ip ln, p Ly 2,3, j 1t9 


Where p | corresponds to the principal mode and the higher values of 
p to the higher modes discussed in Section XN. (We would get nothing 
new by including negative values of p The quantities ¢ and y for each 


mode are then given by equations (445) and (443) respectively. If we 
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j 


wish to take the finite value of Z,(y) into account, we may calculate 


K, and Ay trom (446) and then obtain a second approximation to TP 


from (447); and this process may be repeated as often as desired. From 
the experience gained in treating a particular example we feel that the 
method of successive approximations is entirely feasible, but it does 
involve a considerable amount of numerical work 

In the caleulation just described we have to choose the correct Signi 
of the complex square root occurring in the expressions for Ay and K 
Without attempting to give a complete discussion of this point here, 


we observe that it mav be shown that 


1 


sh I sh OC igo qe) coth & + 1. (450) 


Under ordinary circumstances Po will be a small complex number with 
a phase angle of about 90°, and © will be a small complex number with 
a phase angle of 45 Hence the phase angle of the square root may be 
expected to be in the neighborhood of 45° rather than 225 

In the remainder of this section we shall restrict ourselves to the case 
of high impedance sheaths, so that the values of I are given to a sufh- 
ciently good approximation by equation (449). We shall discuss the 
principal mode and the higher modes concurrently, but shall assume 
throughout that the mode number p is small compared to n. From (445) 
and (449), the value of g for the pth mode is 


/ pr 
2 el (-) ‘OS m 
( 2n (451) 


Osh O 


and the propagation constant y is obtained by substituting this value 
of g into equation (443 

We shall now discuss the variation of the propagation constant of a 
plane Clogston 2 line with frequency over the full frequency range from 
zero to very high frequencies.” To do this we shall derive approximate 
expressions for the propagation constant at what may be called, roughly, 
very low frequencies, low frequencies, high frequencies, and very high 
frequencies. It will appear presently that the limits of these various 
frequency ranges depend among other things on the dimensions of the 
laminated transmission line and the thicknesses of the individual layers, 
and that the frequency range of greatest engineering Importance 1s 
what we have called simply “low frequencies” 


Krom equation (444) we have 


In this connection see also Reference 1, Appendices A and B, pp. 525 
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(-) \ + Di wy gi = + DAN mugil, (452) 


Which is proportional to the square root of frequency. For small © 


equation (451) may be written 


| 2(ch O y adhe pr esch © 
i in -) 


iz * » 
| 2 pm 2 pr 


| t sin t : sin 
in | 


9 
3 
9 IT 
sin } (-) 
br 


on expanding the right side in powers of © by Dwight 657.2 and 657.8 
If we replace sin pr, 4n by px, 4n and neglect the square of this quantity 


In comparison with unity, (453) becomes 


5 : (454) 
n (-) 


Introducing this expression for q into equation (443) and substituting 


for © from (452 


we get for the propagation constant, 


[ 161 pr wurnty | mn’ 
wy ME 1 — — : a 2 ‘ (455 
ii bre?wuigil; 12 


As the frequency approaches zero in a Clogston 2 line of finite thiek- 
ness, the term in 1/w dominates the other terms in square brackets in 
equation (455). Thus at very low frequencies the attenuation and phase 


constants of the pth mode are given approximately by 


pr 


oT 


\ 156) 


| om 
prb  /wé 
2T : 24 


(457) 


where 27) | 2nt,) is the total thickness of conducting material in the 
stack of thickness a. To this approximation the attenuation and phase 
constants are equal, and are proportional to the square root of frequency 
We note that at very low frequencies 
+ ip? TF we | Op? re) u ‘ 
own’ . » (458) 
a 87 id Iwi) ad 
which will be very small compared to unity for lines of all reasonable 


dimensions, in agreement with our assumption (11) above. 
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As the frequeney is increased there will be a range in which the terms 
in parentheses in equation (455) are small compared to unity, so that 
the square root may be expanded by the binomial theorem. This gives 

pr w wig, - 
a t : . (459) 


JV €qa J4y/ ii /é 
38 = iwr/ je (460) 


If the line is of finite total thiekness a and the frequency is so low or 


the laminae are so thin that the first term on the right side of fod 


Is larg compared to the second, Wwe basa eC approximately 


‘ the (461) 
ZV he qa 


This is the frequency independent attenuation constant that we found 
in Section N, equation (407), for the pth mode in a plane Clogston 
with infinitesimally thin laminae. We shall call the range over which the 
attenuation is essentially flat the “low-frequency” range. On the other 
hand. if the uminae are of finite thickness the second term on the right 
side of (459) ultimately becomes dominant, and the attenuation constant 
is then given approximately by 


7 w mig! ww igeys . (162) 
J4/ ji € Ovi € 


This is also the attenuation constant of a plane wave in an unbounded 
laminated medium (except at very high frequencies), as may be seen 
by letting the stack thickness a tend to infinity in equation (459). By 
high frequencies’ we shall mean the frequeney range in which the 
ittenuation constant is approximately proportional tof. 


Finally at verv high frequencies when | © > 1, we have from (451 


q = 2/9, 1.3 


Dp 
aT py . 
e IW> LLo€ | T . 14 
| A) ol) 
expanding by the binomial theorem and substituting for © from (452), 


ve vet after a little rearrangement, 
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l | rurf 
Vi €» Cogdy V po /& le | a) 
l 


V we © bends” 


: 165 


= WY po + 16 
Comparing these expressions with equations (25) and (26) of Section LI, 
we see that they correspond to waves in parallel-plane transmission 
lines of width & , bounded by electrically thick solid conductors. We 
shall call this range, in which @ is proportional to the square root of 
frequency, the ‘very high frequeney” range. At these frequencies the 
propagation constant is the same in a Clogston 2 line of finite thickness 
as in an infinite laminated medium. 

In order to describe the various frequency ranges more precisely, we 
shall define the three critical frequencies fi, fs, and fs to be the fre 
quencies at Which the approximate expressions for the attenuation 
constants in two adjacent frequency ranges are equal. These frequencies 
ure Closely related to the critical frequencies which we defined in equa 
tions (178) of Section V, when we were discussing the surface impedance 
of a plane stack of finite lavers. For a stack containing a total thick 
ness 7, of conducting material, we recall that the eritical frequencies 
were f; , Where 7; 5, ; fo, where 7; Ts. ; and fy , where V3 4, 
For the pth mode in a Clogston 2 containing a total thickness 27) of 


conducting material, the frequencies turn out to be 
pw pm Oy 
bogg, 77 log 


Vip pr 
JuigitsT 2 


362 ime | 
(1 6) muigil | Sue 


Where of course p | for the principal mode. Thus the attenuation 


fs 


constant is given approximately by (456) for O < f Ss f,, by Cb6l 


ort; S57 Ss fe, by (462) for fo s f s fs. and by 165) for { =} fs. 


If we plot the foregoing approximate expressions for the attenuation 
COSTUME Gast Prequeney on log log paper, we can get a vood iden ot 
the variation of the attenuation of a Clogston 2 over the entire frequency 
range, Both the approximate expressions and the exact results for a 
particular numerical case are plotted in Fig. 20, for a Clogston 2. of 


finite thickness and also for an infinite laminated medium. The setual 
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K 


numerical values are of no special significance, having been chosen solely 
for convenience in plotting. 

So far as the practical applications of Clogston lines are concerned, we 
are primarily interested in the frequency range f; < f < fs , where the 
attenuation constant is essentially independent of frequency. To de 
termine the rate at which the attenuation constant of the pth mode 
begins to deviate from its ‘flat’? value as the frequeney is increased, 


we write equation (459) in the form 
1057"; 


» ted 
Op wT 0; 


per | ) 
2yV/ f/éga | 
: (468) 
pr | 14 HiT iwigi! 
2\/ G/é ga 3p" 
lhe two terms in the square brackets are equal, and the attenuation 
constant is double its ‘flat’? value, when f fo, a result which is in 


Very good agreement with the calculated values shown in Fig. 20. 


The maximum permissible thickness of the conducting lavers in a 
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plane Clogston 2 with high impedance walls, if the attenuation constant 
of the pth mode is not to exceed its ‘flat’? value a) by more than a speci- 
fied small fraction Aa@/ay at a top frequency f» , is easily shown from 

I I 
(468) to be 
V3p / Aae 
2T wig Iie | Ay 


(469) 


Measuring fm in Me-see ~ and thicknesses in mils, and putting 


merical values for copper, we obtain 


36 Sip 


271) mits lm) Me 
We see from (461) that for fixed @, ay is inversely proportional to (a/p 
where a is the total thickness of the stack and p is the mode number, 
while from (469) the permissible value of ( for a certain fractional 
change in attenuation is inversely proportional to (a/p), and also in 
versely proportional to the top frequency fm . 

It is interesting to compare equation (470) for the principal mode 
(p 1) with equation (199) of Section V for the principal mode in an 
extreme Clogston | line with copper conducting lavers. Since in a plane 
line AR/R, Aa/ay , equation (199) may be written 

10.62 . 
ve 


where 27; represents the total thickness of copper in both stacks. We 
expect that for partially filled plane Clogston lines with different pro 
portions of the available space occupied by stacks, the maximum pet 
missible layer thickness will be given by equations similar to (470) and 
(471), with values of the numerical coefficient intermediate between 
36.84 and 40.62 

We turn next to a discussion of coaxial Clogston cables with finite 
laminae. A coaxial Clogston 2 is shown schematically in Fig. 11, and 
an enlarged view of part of the laminated stack in Fig. 4. The bound 
ary conditions which apply to circular transverse magnetic waves on 
this structure are satisfied if at every point the sum of the radial im 
pedances looking in opposite directions is zero. If we knew the explicit 
relation between the impedances at the two surfaces of the stack in 
terms of the stack parameters and the propagation constant y, the im 
pedance-matching conditions at the inner core and the outersheath 


would vield a transcendental equation for the propagation constants of 
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the various possible modes. If the coaxial lavers are of finite thickness, 
however, the relation between the surface impedances of the stack in 
olves the product of as many different matrices as there are layers in 
the whole stack, and this matrix product is not suited to analytic treat 
ment. We shall therefore approach the problem from another point ol 
view 

We have seen that if the conducting lavers in a laminated transmis 
sion line are sufficiently thin compared to the skin depth, the attenua 
tion Constant is essentially independent of frequeneyv. In practice it is 
Important to know how rapidly the attenuation constant of a Clogston 
cable with finite laminae begins to deviate from its low-frequency value 
as the frequeney is increased. In accordance with the results for the 
parallel-plane line, we expect the initial increase to be proportional to 
the square of the frequency. We shall derive the term proportional to 
Poin the attenuation constant of the coaxial line on the basis of the 
following assumptions: 

We assume that the macroscopie current distribution in a coaxial 
Clogston 2 is independent of frequeney, and hence is given by the ex- 
pressions Which have already been derived tor the case of infinitesimalls 
thin laminae. (It is easy to show that this assumption is vahid for a 
plane Clogston 2.) Tf the conducting lavers are of finite thickness, then 
each carries a definite finite fraction of the total current in the line. At 
low frequencies the current density in any given laver is approximately 
uniform, but as the frequency is increased it becomes nonuniform be 
cause of the development of skin effect, and the power dissipated in the 
Inver is increased, We shall calculate the total power dissipated in the 
tack, and the corresponding attenuation constant, up to terms inf’. 

Let the jth conducting laver in the stack be a hollow evlinder ot 
conductivity gp, Inner radius p;-, , and thickness &. Thus if there are 
2n double lavers we have p aand p b, where as usual a and } 
denote the inner and outer radu of the whole stack. Let the total cur 


flowing in the Positive 2 direction inside p Pit be / 


rent 1, and let 
the current flowing in the jth conducting laver be AZ; . It is shown in 
\ppendix [11 that the average powet dissipated per unit length in the 
th conductor is approximatels 
| i 4 » ‘ 
AP; Al T / l ; \ is 


bral p 1 364 


/ 


ip to terms in 6)), where curvature corrections of the order ot 


p 1 have been neglected in comparison with unity. Presumably the 


only lavers for which it mav not be justifiable to neglect curvature cor 








LAMINATED TRANSMISSION LINES. II 


rections Will be the extreme inner lavers, which occupy at most a small 
fraction of the total volume of the stack. 

The average current density J. in a Clogston 2 with infinitesimally 
thin laminae is given by equation (305) of Section VILL; namely, writing 
x, for the pth mode and dropping « 


J Hox pColxpp), 


Where Hy is an arbitrary amplitude constant. For 1 O and 1, ¢ 


denotes the combination of Bessel functions 
(X pp Vilx ph) (xpe Ji loxpbyN 
and Xp Is the pth positive root ol 
Ci (xa 1\ | ' () 
According to equation (43 Section XN, we may write 


rl ad i & 
i 1b 
PD a 
where the functions /,(@ 6) are of the order of unity. The total current 
I(p) flowing in the positive z-direction between the inner core and a 
evlinder of arbitrary radius p is Just 


I(p) 2n | pd dp 2a opC (xp). 177) 


va 


The thickness of the jth conducting laver in a stack of finite lavers 
may be written 


A(p p AAp, , 7S 


where Ap represents the thickness 4; + f of the jth double laver. Hence 
approximately 


Al 2rp J Ap Irll X pP X pP Ap ’ 7 


it being remembered that the conduction current in the conducting 
laver is essentially equal to the total current in the double laver, since 
the displacement currents are negligible. The current flowing inside the 


radius p; 4 is, from (477 
Intl p i\ x ,p 1). ISO) 


and so the power dissipated per unit length in the jth conductor is 
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] 
XP) ») | Ap; . 


AP dissipated per unit length in the whole stack is 


Powel 


summing AP; over y. Approximately the sum by an in 


* .b 
rH HT ; , ei 
: ; PX, T° Ses 1\XpP/) ¢p 
rf » 
rH Hs x’, | er ae 
{ i | - @Co(xXpa) |. 
-q F j 


when the laminae are infinitesimally 


fhe average transmitted powel P 


th ! 
r pb 
+ , 

| E,1%o dp dg 

“a 
= ab 
lh . ? 
: I] I] | pf 1 X pp dp 
€ Ja 


“Il HS |b Co(xpb) - a’Co(x,a)). 


€ 


If we ume thes value for P when the laminae are of finite thick 


nes n from ? and (483) the attenuation constant of the line ts 


AP Ot 
Xs l + M. : (484) 

»pP 9 = | -. 2 4 

- “VE EG | IX p11 

IS4) to equation (468) for the parallel- 


Phe simularitv. of equation 
in the form (476) and denote 


line becomes obvious if we write x, 
of conducting material in the coaxial stack 


: iT y | 
; r 9 3727. 73\c4 
Zy ue q\o op wT yla b)d1_ 


2 [ 2rpn2 2 262 
I p' 1 Twigil | 


thre Lot il thickness (0 a 


by 21 We then have 


pW] p\a 


2 i/éeglb — a) lt 3p'fs (a b) 


nd as the ratio a > approaches unity the function f,(a/6) approaches 
mnity and (485) becomes identical with (468). We recall that fi(a/b) 


vas plotted against a/b in Fig. 12. For the principal mode in a cable 
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with no mner core (a Q), equation {85) takes the form 
7.341 eer 

; 1 + 0.89630; Twig) fh. ISG 

V i/e gh 

[t should be emphasized that whereas equation (468) was obtained 
from a rigorous solution of the boundary-value problem for the plane 
line, equation 185) for the coaxial cable has been derived on the basis 
of certain physical assumptions and approximations whose effect on 
the accuracy of the final result is not very easy to estimate. Presumably 
one might check the acecuraey of (485) for a particular Clogston cable 
by setting up the matrix relation between the known surface impedances 
of the core and the outer sheath and solving numerically for the propa 
gation constant It should not be too difficult to solve the matrix equa 
tion by cut-and-try methods for a cable having, say, two hundred double 
lavers, if the matrix of each double laver were assumed to be given by 
equations (88) of Section IIL, and high-speed computing machinery were 
used to perform the matrix multiplications In the absence of any such 
numerical results, however, we shall merely assume that equation (485 


furnishes a reasonable approximation to the attenuation constant of a 


coaxial Clogston 2 in the frequency range f,; < f < fs, . where f; and f 


are the critical frequencies defined by (467 
The first conclusion which we can draw from (485) is that the mani 
mum permissible thickness of the conducting lavers in a coaxial Clog 
ston 2 with high-impedance boundaries, if the attenuation constant of 
the pth mode is not to exceed its ‘flat’? value ao by more than a speci 
fied small fraction Aa@ ap at a top frequency fim , is 

Vv 3 Pip a/b) Aa 

2T hu Ditn | ay 

or, putting in numerical values for copper, 

36.84 pf, a/b ‘Nex 
(27;), ils ' = Mi | a 


For the principal mode in a Clogston cable with no inner core, this 


188 


becomes 
14.93 t hes 
= a / ‘ (489 
(27; ils Im) Mt A ay 
\s a second application of equation (485), we shall determine the 
upper crossover frequeney ‘at which the attenuation constant of a 


Clogston 2 is equal to the attenuation constant of a conventional coaxial 
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ible of the ime size. Since the lower erossover Trequeney Wiis found 
it the end of Section VIEL, we shall then know the theoretical limits of 
Clogston cable can have lowe) 


lrequencyv range ovet! which a given 
thran the corresponding standard coaxial 
of Section Vill. “ conventional couxtal 


\ccording to equation (317 
hand optimum proportions has an attenuation constant 


LOO rai S (490) 


\ vi € (yb 


ume that the upper crossover occurs in the high-frequency 
2 1s approximately 


We “Hy ill il 


rine Where the attenuation constant of a Clogston 
proportional to f. Then for the pth mode ina cable with no inner core 
ad () equation ISO VIVES 
2rtiT mig mtg! 49] 
39/i/€ gb v/a é 


little algebra shows that the two attentuation constants are equal 


vhien 
| {10.77 , (ane) 


ruin L273 


If the conventional cable is air-filled, then assuming copper conductors 
nue 


ind no magnetic materials, we find that equation (492) becomes, 
merieally 


$933 ) 


S-inch Clogston cable with O.1-mil copper conduc 


it We consider u 3 
0.05-mil polvethvlene insulators, and no inner core, then 


187.5 mils 
27 125 mils 
0.) mils 


nd in Section VITT that the lower crossover trequeney for this 

about 50 ke sec while from equation (493) the upper cross 
frequency turns out to be 15 Me-see 

We next discuss the problem of maximizing the frequency band over 


the attenuation constant of a Clogston cable of given diameter 
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does not exceed a specitied value. We suppose that the thickness / 
of the conductors is fixed, but that the proportion of conducting ma 
terial in the cable may be adjusted by changing the thickness of the 
insulators. Let a,» be the value of the attenuation constant which is not 
to be exceeded in the operating Trequencyv range, and let f,, be the fre 
quency at which this maximum attenuation is reached. What should 
be the fraction 6 of condueting material in the cable in order to maxi 
mize f» ? [t is tacitly assumed that @,, is at least slightly greater than 
the minimum “‘flat” attenuation constant which is possible with a cable 
of the given diameter, since obviously we do not wish to work entirely 
in the very-low-frequency range 

In the frequency range of interest the attenuation constant of the pth 


mode is given by equation (484), which may be written 


x; «Obi wigi! 


1 
2VGiéeg OV ieg 

Where xp is a root of (475) and independent of @. Solving (495) for the 

frequency f,, at which @ is equal to a», , and substituting for é€, @, and 


q from (268). we obtain 


9) 


V3 2\6u; + 


Ti idily 


\ routine calculation shows that /,, Is a maximum, considered ws a 
function of @, when @ satisfies 
m9) Opa + ‘)( | A) 
oXe-. 197 
Oy + (| A) ps} (] ff) €5 
Mquation (497) is easily reduced to a quartic equation in @, whieh may 
be solved without difficulty when the other parameters are given. The 
maximum value of f,, is then obtained by substituting @ back into (496 


We shall now investigate in more detail the case in which 
rv vi 1S 


that is, the permeabilities of the conducting and insulating lavers are 
equal. In this case the low-frequency attenuation constant a , which ts 


just the first term on the right side of equation (495), is given by 
X 
20¥/ | AV uw € 


\ similar problem was first investigated im an 


Hf. S. Black 
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Lminimum when 
500} 
nev attenuation constant, which 


The minimum value of the low-treque 


ve mav Call ay Is Just 


hy A 
ON 


we find that CQUELLON 196) takes the form 


503 ) 
Tu yl 


om equation (497), fais a maximum when @ satis 


Ss a 


ON 3 Qm , 


Which is equivalent to the quartic equation 


bas als 
if” 4.48" ee 1) Q. (900) 

Fi Ce 
lt m IS the root ol 505) whieh lies between zero and one, then the 


corresponding slue ot Im 1s 


V3 Xp : ; (506) 


TJ iL: 


from either (503) or (506) that f, is inversely proportional 


of 6, and 6,, [(2 36, 2 O,)) are plotted in Fig. 


which is just the ratio of the maximum attenuation 
attenuation constant which 


X mn, / 8 
to the minimum low-frequency 
ihieved with a Clogston cable of the same diameter. When 
Is unity, then @ 2 3 and f,, is zero to the present approximation 
estimate of would be the critical frequency TA defined by 
1O7 For values of am/an greater than about five, 6, 1s 
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given to a good approximation by 


= 


0.77 a 


while 


yor 
=a IXp Am o 

> I . DUS ) 
ThbiGil, a 


The low-frequency attenuation constant ap of a Clogston cable with 
0 Gin will of course be greater than ao if 4, Is not equal to 2/3. This is 


not really a disadvantage, however, since by assumption we only wish 


to insure that a@ * Qm over the operating band, and the nearer a up 


proaches LO Amy OVE! the whole band the less serious will be the equaliza 
tion problem. It may be shown that the ratio a Qm decreases from UnIty 
toward one-half as a/c Is Increased indefinitely Physically this means 
that the low-frequency attenuation constant of an optimum Clogston 
cable is always at least half as great as the attenuation constant at the 
upper end of the band, and the cable never contains more conducting 
material than would correspond to a total stack thickness of about two 
effective skin depths at the highest operating frequency. 

We conclude with a few numerical formulas relating to the principal 
mode in a completely filled Clogston cable with copper conductors and 


no inner core. The low-frequency attenuation constant ag of such a 














3.0 3.5 
in / Ree 
Fig.21—Curves related to the optimum fraction 9, of conducting material in 


Clogston cables with finite laminae, as a funetion of the attenuation ratio am/ar. 
& ’ 9 
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given bv 


0.521 
nh nepers: meter 


Av/ | 6 Dmiis 
(509) 


0.728 K 10'Ve 
Av/ | 8 Divits 


db- mile 


while if 6 2/3. we have 


| ooo & ' 
\ nepers: meter 
Omils 


LSOL & 10°Ve 
h, 


“ db-mile °. 


The frequency J, as a Tunetion of the ratio amn/ aoe Is 


14.93 


for anv @ and when 6 #,, the eXPVresston Lor dm becomes 


14.93 Liz 34, 
mitcD mite Cowl 2 a ih” 


where the factor involving 8, is plotted against a,/am in Fig. 21. 
If we consider a 3/8-inch Clogston cable with O.1-mil copper conductors 


and polvethylene insulation (¢ 2.26), we find 


0.809 db- mile 513 


L.OIS db- mile 


0.37405, 
so that the insulating lavers should be O.167 mil thick. Phe 
quency attenuation constant for 6, 1s 
1.3000) = 1.051 db-mile |, 
reached atin Prequrenes 
¥ 1.70 Me-see O17 


2 3. we should have reached a, at a trequeney of 


ETAL ALANA LES ELTON SALE SE LILES ANA LI 
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3.59 Me-see -, which is only 76.5 per cent ot the frequency given by 


(517). An ordinary air-filled coaxial cable of the same size would have an 


attenuation constant equal to am at about 50 ke-see ' and equal to 


Gis, | Paw) at about 200 ke-see 

It should be borne in mind that in the preceding example we have 
neglected the effects of dielectric loss and of stack nonuniformity. Neithes 
of these effects can be completely eliminated in a physical Clogston 
cable, and both will exert increasingly adverse influences on the attenua 


tion constant as the frequency is raised. 


XII. EFFECT OF NONUNIFORMITY OF LAMINATED MEDIUM 


In the previous analysis of laminated transmission lines we have 
treated only perfectly uniform structures, in which every conducting 
laver is identical to every other conducting laver in thickness and in 
electrical properties, and all the insulating layers are similarly identical 
to each other. In practice, however, it will not be possible to lav down 
large numbers of absolutely identical thin lavers, and we therefore need 
to know the effect on transmission of slight nmonuniformities in’ the 
laminated stacks. Some indication that stack uniformity will be a very 
critical problem in laminated cables which are expected to give large 
improvements in attenuation over conventional coaxial cables of the 
same size may be obtained from the results of Section VI, which showed 
that in a Clogston | line, where the phase velocity is determined by the 
uve product of the main dielectric, this product must be controlled very 
accurately to maintain the desired deep penetration of current into the 
laminated stacks. In a Clogston 2, where the main dielectric has been 
replaced by extensions of the stacks, one might expect similarly stringent 
requirements on the uniformity of the laminated material if the desired 
current distribution is to be maintained. 

In this section we estimate the effects of stack nonuniformity by 
studying some particular idealized cases of nonuniformity in a parallel 
plane Clogston 2 with infinitesimally thin layers, in which the average 
electrical properties of the stack vary only in the direction perpendicular 
to the layers. The principal conclusion is that if one attempts to realize 
with a Clogston line an attenuation constant which is a small fraction, 
say of the order of one-tenth, of the attenuation constant of a conven 
tional line of the same dimensions at the same frequency, then long 
range variations in the properties of the stack (as distinguished from 
short-range random fluctuations) must be controlled to within a few 
parts in 10,000. The price is less steep if the overall improvement sought 





1182) THE BELL SYSTEM TECHNICAL JOURNAL, NOVEMBER 1952 


is less, but in all practical cases it appears that the average properties 
of the stack must be held constant against slow variations to a fraction 


of a per cent. The requirement of extraordinarily high precision is im 


addition to the requirement that the individual lavers must be extremely 


thin if a (‘logston cable is to Improve on a conventional coaxial cable ut 
all in the megaevele frequency range 

For purposes of analysis, we consider a parallel-plane Clogston 2 
transmission line bounded by infinite-impedance sheaths at y = + 4a, 
is shown schematically in Fig. 10. The individual lavers are supposed to 
be infinitesimally thin, so that near any given point the average elec 


trical constants of the stack are 


fq 


The quantities €, 4, and @ may vary, continuously or with a finite num- 
her of finite discontinuities, as functions of the transverse coordinate 
/, oWing to variations in any or all of wy, gi, we, e , and 6; but they 
are not supposed to vary with 2 or 
We shall be concerned with modes in which the fields are independent 
of wr, and in which the only field components are H,, Ey, and EF, . 
Phen Maxwell’s equations are given by (269) of Section VIII, and 
reduce, if we write the field components in the form H,(yje “, Ey(yje? 
and Ie jie  3@ 
vH wel, ; 
gl: 
Y hk Us iwaill, ° 


we eliminate #£, and F&, from these equations we obtain 


aH | dg dH, 


na iwfig [te Se, on @, (520) 
dy gQdy dy 


where Hf, and EF, must be continuous at any points of discontinuity of 
é, a, or g. The tangential magnetic field must vanish on the infinite- 
impedance surfaces at / tha; hence we have the boundary con 
ditions 


H, La H,(4a (), 


These boundary conditions, taken in conjunction with the differential 
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equation (520), define the values of y which are the propagation constants 
of the vartous modes of the line. 

While it is possible to find special forms of the functions é(y), a(y), 
anid g(y) such that (520) can be solved exactly in terms of known funce- 
tions, it is easier to make certain approximations in the beginning 


which retain only the important terms. For this purpose we shall write 


where & , go , and go are Constants representing the average values of 
é, &, and g across the stack, so that the average values of Aé, Ag, and Ag 
across the stack are zero.* Furthermore the fractional variations in the 
stack parameters will be assumed small compared to unity; in practical 
cases they will never be larger than a few per cent and will usually be 
only a fraction of one per cent 


Reterring now to equation (520), we see that the coefficient of //, 


contains the large factor wag, which is of the order of 1/6}, as compared 


with the term dH, dy’, which is presumably of the order of (1/a°)H, 
Hence small changes in é€ and @ will make relatively large changes in 
the coefficient of 7/7, , since y is a constant. On the other hand, the 
coefficient of dH,/dy will be small for any reasonable variations in the 
small quantity Ag go . Hence we shall neglect this term entirely and 
deal with the approximate equation 


ai 
dy 


twig 
substitute, (522) imto (523) and drop second order terms in 


Ag i . and Ag do, we find that the coefhicient of H, becomes 


WE 


* The present use of zero sulscripts on €) , 4 , and go has of course nothing to 
do with the earher convention that associated zero subscripts with the main 
dielectric in Clogston 1 lines 
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so that 
(526) 


then (524 


- Ag 
Lwilogu \ — 
My 


In all cases of interest we shall find that (Ag fo + Aé &) is smaller than 
or at most of the same order of magnitude as e twos . Hence the 


~.)9 


differential equation (523) takes the approximate form 


d = i 
H “1 t+ lwo [= + *)] ii. (), (528) 
dy L i €) 


where TP) is determined by the two-point boundary conditions (521). 
The variations of the stack parameters appear in (528) only in the 
term (Ag fy + Aé &), which is some as vet unspecified function of y. 


For convenience we shall write this term in the form 


Ag Aé C 


gy), (529) 
i; &) ~— woot?” 


where Cis a dimensionless parameter and g(y) is a function whose aver- 
age value over the stack is zero, and whose maximum absolute value 


will usually be of the order of unity. It is worth noting that if the con- 


ducting and insulating lavers all have equal permeabilities, then (529) 
hae Omes 
Aé C6) 


é 217A, 


oli), (9:30) 


where 6; is the skin depth in the average conducting laver and 6 is the 
average fraction of space filled with conducting material. If we solve 


the differential equation for different values of the scale factor C but 


the same ¢(y), we can calculate the effeet of stack nonuniformities of the 
sume type but different amplitudes, or the effeet ot nonuniformity in the 


sume stack at different frequencies. In the latter case C is direetly pro 
portional to the frequenes 

Phe final step in the transformation of the differential equation (528 
Will be to reduce it to dimensionless form by the substitutions 


AE SENOS Se AATEC RE Ee he EAL eNOS NE 


MMR IE LEDS EE 8 MELEE. YONGE PAE AAG EER 





| 
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Then on making use ol 
dwid& 4 
with the boundary conditions 
w(O ) (). 


Onee A has been determined for a particular mode, the propagation 


constant y is obtained from (526) and (531), namely 
= = | = 2 
WY fvo€o [1 + A/twfoGoa’}’. 


\ssuming as usual that the attenuation per radian is small, we find that 


the attenuation and phase constants are given by 


A 


= Re * 
é Joa 


A 


) - 


Im 4 ) eg Im oat 
=V Bo € gua 


The eigenvalues A of the differential equation (582) with boundary 
conditions (533) may be found analytically for some simple forms of 


f(&), or numerically using a differential analyzer for any given f(£) which 


does not fluctuate too rapidly. When C = 0, as in the case of a perfectly 
uniform stack, the eigenvalues are obviously 


Ay r, Ag ber, 
corresponding to the eigenfunctions 
sin 1é, sin 2k, -:- (538 
As ( varies continuously, we expect the eigenvalues and eigenfunctions 
to varv continuously in a manner depending on f(é). In the following 


paragraphs we shall discuss the behavior of A;, and sometimes also 


As , as a function of C for various simple types of nonuniformity 
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} 
constant except at single discontinuil 


| 
0) 


& 
where & is some fixed number between 0 and 1 but not, in the cases of 


interest, extremely close to either O or 1. Solutions of (5382) satisfying 


the boundary conditions (533) are obviously 


A sin {A 
540 


w(g BB sin {A Se | g 


where A and B are arbitrary constants The requirements that w and 


dw/d& be continuous* at ¢ t. lead to the equations 


s 


B sin | 


(lL — &), 
is satisfied: 


tan {A ot \ ~ So)) ' so) ; (542) 
\ 

Phe roots in A of equation (542) are the eigenvalues of the problem; the 
eigenfunction corresponding to any given eigenvalue is given by equa- 
tions (540) after the ratio B/A is determined from either of equations 
4] 

It is easv to show that when ¢ 0, the roots of (542) are A, r, 
\ in, . For‘large values of C, representing relatively great 
differences between the two parts of the stack, physical considerations 
lead us to expect that there will be pairs of modes, one member of each 
pair being essentially confined to each part of the stack and having a 
propagation constant determined approximately by the width of that 
part. It may in fact be shown that the asymptotic expression for the 
of the mode which is essentially confined to the region 


eigenvalue 


=~ 


( 
O43) 


-s< 


f 

i | 
| *) 
t 


is 4 consequence of the continuity of & provided 


ntinuityvy in g at 


Bue 


1 STEC CWS LIOR IS AER RES 
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and the asymptotic expression for the eigenvalue of the mode which is 


essentially confined to & 


£0) - §)° \ =| 


It is clear that if & < 4} the latter mode has the smaller attenuation 
constant, while if ¢ > i the former mode has the smaller attenuation 
constant. 

It is not difficult, although the details will be omitted here, to investi 
gate the behavior of the e genvalues for small C and to show that no 


or & > §, the eigenvalue which starts from 


matter whether & 
at ( = 0 tends to the asymptotic value which has the smaller real part, 
so that this eigenvalue, whether its asymptotic form be given by (548 
or (544), may be called A; . It appears that if & < 3, then Im A, ts 
positive for positive C, while if & > 3, then Im A; is negative for posi 
tive ( 

\n interesting mathematical phenomenon appears when ¢ , SO 


that the discontinuity in f(&) is exactly at the center of the stack. In 


gE 
this case, when C is small A; and A» are both real, A; being somewhat 


vreater than mw and As somewhat less than 42°. For a certain value ot 


(' the two eigenvalues coincide; this value is approximately 
( 17.9, Ay A 29.6 od 


For larger values of C, Ay and A», are complex conjugates (it seems to be 
immaterial which is which) whose asymptotic forms are given by (5438 
and (544) with € , 


s 


\pproximate values of A; and A» were found for the symmetric case, 


g& = 0.5, and for one unsymmetric case, & 0.6, on the Laboratories’ 
general purpose analog computer for 0 S C Ss 100, and were refined 
afterward by desk computation, using a method of successive approxi 
mations to solve equation (542). The real and imaginary parts of A,/m 
and A. x are plotted in Fig. 22 for the symmetric case, where it 
should be noted that different vertical scales are used for Re A. a and 
Im A mw. The corresponding eigenfunctions w)(&) and w.(£) are shown 
in Fig. 23 for C | Ag Fy 17.9, which corresponds to equal eigenvalues, 
and ( = 100. It will be recalled that w(é) is equal to /7,(y), and the other 
field components Can be derived from H, by equations (519) if desired 
Fig. 24 shows plots of A, r and A./r for the unsymmetric case 
& = 06. 
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ind imaginary parts of A,/w and A,/m? for a nonuniform stack 
properties are Constant except ata single, symmetric discon 


jmometric rectangular step Let 


O<¢ 


s 


vhere & is some fixed number between O and | but not, in the cases of 


interest, extremely close to either O or 1. Inasmuch as f(é) has even svm 


metry about & 5, every mode will preserve the (even or odd) svm 
metry about é So which it has when © 0. We shall consider the 


lowest even mode,* which has the eigenfunction sin w& when C Q). 


Solutions of (532) having even symmetry about & ¥ (we need consider 


only the region OS & < 4 on account of the svmmetry) and satisfving 


the boundary conditions (533) are given by 


the lowest even mode will be contined essentially to 


1 | 1 
thode will be eontined to the two regions 
oe hi ind | bE e @ l 


mode will ultimately have a lower attenuation constant 


we sl ill not t ike Space to unvestigate it here 





LAMINATED TRANSMISSION LINES II 
1 sin [A 
wt;e B cos \ 


The requirements that w and dw dé it 


lead to the equations 
A sin $[A + 71C, 2&)]'é B cos 3A 


1A + 1C/2€5] 


BIA — 71C/2' Ey)’ sin 4] - 10/21 


Which will be consistent if the following characteristic equation 


satisfied: 


' 1{ 
tan 95. 549 


The roots in A of equation (549) are the eigenvalues corresponding to 
the even modes of the symmetrical structure, 

When ( 0, the roots of (549) are A wr, Or, ---. It appears that 
for C > 0 we have Re Ay > 2 and Im A, > 0. For large C the asymp 
totic expression for A; turns out to be 























C =100 

(a) (b) 
Fig. 23 Real and imaginary parts of the first two eigenfunctions, u 
and we = us + ive, for the nonuniform stack of Fig. 22 
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ind imaginary parts of A, mw and A,/a for a nonuniform stack 


re constant except at a single, unsvinmetri diseon 


£o)* V (1 


Numerical values of A; were found tor the case & , on the analog 


computer and. refined afterward by desk computation The real and 


Imaginary parts of A, mw are plotted over the range 0 < © <= 100 in 


25, and the corresponding eigenfunction w)(é 


0, 20, and 100 








40 


ind imaginary parts of A,/w*? for a nonuniform stack whose 
rties Vary as a svimmetrie rect ingul il step 
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? 


&) a linear function. Let 


so that f(€) is a linear function varving from 


g 1. Then equation (532) becomes 


dw/dé 


which, by the change of variable 


IS transformed into Stokes’ equation, 
(Pw /dr? + rw 0 
Mhe general solution of this equation may be written in the form 
w fhy(r) + Bhilt 


where A; and hy are the pair of independent solutions of Stokes’ equation 


Which have been tabulated for complex arguments by the Computation 


Laboratory of Harvard University.” (The solution may also be ex 


- 
= 
a“ 





= 100 
Fig. 26--Real and imaginary parts of the first eigenfunction, u 
for the nonuniform stack of Fig. 25 
Tables of the Vodified Hankel Functions of Order One-Third and of Their De 
atives, Harvard University Press, Cambridge, Mass., 1945. 
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pressed, though less conveniently, in terms of Bessel functions of order 


one-third It is easy to show that the boundary conditions (533) at 
t Oand ¢ | require 
Ah T} + Bh T} (), eer 
(.)- db) 
Lhiyl7 t+ Bholtr (Q), 
ere 
1 + 1 (A iC’) sa 
r - T - . (000 ) 
| (20°) 
Mquations (596) will be consistent it 
hy(ry helt hilt )heolr, (): (Dos) 
and this is the relation which must be satisfied by the eigenvalues 
Ai, Az, As, , for any given value of C 


\pproximate values of A; and A» have been found using the analog 
computer for the range 0 S C Ss 100, with spot checks by numerical 
solution of equation (558); and Aya and A. 2 are plotted in Fig. 27. 
Phe eigenfunctions are qualitatively similar to those shown in Fig. 23 
for the stack with a svmmetric discontinuity. As in the symmetric ex- 
ample in ease (7) above, we find that for small positive C, A; is real and 
greater than a2, while Ao is real and less than 4a*. The two eigenvalues 


{ 


comeide at 
C =m 49, \, Ao = 2Y. 909) 


hor larger values of @, Ay and A, are complex conjugates. Their asymp- 
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big. 27 Real and imaginary parts of Ay aw and A. a for a nonuniform stack 
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rage properties varv linearly across the stack. 








i 
| 
| 
; 
i 
i 
| 
4 
a 
| 
| 
j 
) 





LAMINATED TRANSMISSION LINES. II 1193 
totic forms as ( —>» * may be deduced by considering the behavior of 
hi(r) and Ao(r) for large arguments, and are 

Ay Ae Loor20C te’ ? 025(2C HO 
The magnitudes of both the real and imaginary parts of A, and A. thus 


increase indefinitely with €. 
a sinusoidal function. Let 
COS 2yré, () < ¢ < , aH 


° 


where y = 3, 1, 2,3, 4, «>> ,so that f(&) goes through v complete eveles 


nO < € < 1. Then equation (582) reads 
dur dé + JA + 20’ cos Pprtlul(é HO 


If we make the transtormations 





ay 7 p 2 cos 2ril Wir 





and the boundary conditions (533) become 
Wo) Wo(pr (). 565 


Mquation (564) is one of the standard forms of Mathieu’s equation 
We are interested in solutions which are periodic with period 2 in €, 


and which approach the form sin mxé when C — 0. In terms of + and &, 


the function corresponding to the mth mode in the Clogston line must 


reduce to the form 
Wr) 


For any value of 3, this function may be denoted by 
Wr SCnjt 7, O). 567 
“8 See N.W. MeLachlan, Theory and Application of Mathieu Functions, Oxford 


1947, pp. 10-25, especially p 13 and p 19. In this reference a or b corresponds 
to our A, q to our 3. andyto our m vp 
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In our problem # is (negative) imaginary and m vy may be an integer ora 
rational fraction For any given & and mv the conditions (565) to 
vether with the limiting form (566) determine an eigenvalue A, and 
hence by (563) determine A; but only a small amount of work has been 
published on the eigenvalues of Mathieu funetions with imaginary 


parameter or ot fractional order. We shall look at some special Cases 


v ,. The funetion f(£) is one-half evele of a cosine curve which 
Varies trom lto +1; we expect results similar to those found for the 
symmetric discontinuity. of case (1) and the linear variation of case 
i). The eigenfunctions of the first two modes (m lL and m 2) are 
seo(7, 3) and sey(7, 3). The eigenvalues of these two functions for purely 


imaginary & have been computed by Mulholland and Goldstein” out to 
a point which corresponds to C Sr, and an asymptotic formula is 
given for larger values of C. The values of A,/w and Ae/x are plotted 
forO Ss ( = 100 in Fig. 28; the corresponding eigenfunctions resemble 
those shown in Fig. 23 for the stack with a symmetric discontinuity 
Again we find that A; and A» are real for small positive C, equal for a 
particular value of @, and conjugate complex for larger C. The leading 
terms of the asymptotic formula are, In our notation, 


* 















\ Ay ~ [4.7124€ 3.0842 1.09010 
DOS 
uC 171240 1.09010 
y 1. Here f() is one full evele of a cosine function, varving from | 
or as a Se - T aia 2 
f(&) 
+1/ 
| 10 
— 
8 
N 
& iS 
a 5) o 
E 
14 
| 
| 
|? 
et | lo 
3 40 50 60 70 80 90 100 
“a t 
hig. 28) Real and imaginary parts of A,/m and A,’ for a nonuniform stack 
whose average properties vary as one-half eycle of a cosine function across the 


i y Miu holl mad ind Ne] Goldstein, Phil Mag 7 8, S34 1929 In this 
eference da or 48 corresponds to our \ and SY to our # 
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Fig. 20--Real and imaginary parts of A,/#*? for a nonuniform stack 


iverage properties Vary as one cycle of a cosine function across the stack 





to +1 and back to 1. The eigenfunetion of the lowest mode (m l 
is se,(7, 3), and the values of A, mav be obtained from Reference 29 for 
ten equally spaced values of C out to C = 329r°. Since our # is negative 
imaginary, in the notation of this reference we have A, ix’B, . \p 
proximate values of A,/x obtained on the analog computer for C at 
smaller intervals in the range 0 < ( S 100 are plotted in Fig. 29; 
and the eigenfunctions are similar to those shown in Fig. 26 for the 
symmetric rectangular step. The leading terms of the asymptotic formula 


for A; when C is large are as follows: 


Ay & [3.1416C’ — 2.4674 — 0.96890 vee] 


(569) 
+ fC 3.1416C" 0.9689C°* — --- ]. 


vy = 3. Now f(£) is a three-cvele cosine function and the lowest mode 
corresponds to se;(7, 3). Approximate values of A,/x for 0 < C < 100 
were obtained on the analog computer and are plotted in Fig. 30; the 
eigenfunctions are shown in Fig. 31 for C = O and C 100. 

vy > |. For a v-eyele cosine variation, the lowest eigenfunction is 


se;,,(7, 3), and for the lowest eigenvalue there is an approximate formula 


given by McLachlan.” Incidentally this formula predicts no imaginary 


part for A, if # is purely imaginary and vy > 1, which agrees approximately 
with the results of our analog computations for »v 3; we found the 
imaginary part of A; to be only about 1 per cent of the real part even for 
(’ = 100. If C is fixed, one expects that as» —» © the effects of the rapid 
fluctuations in f(é) will average out, so that A; will ultimately approach 


*” Reference 28, p. 20, equation (6), where a corresponds to our \ , g to our 
3. and» to our 1/v. MeLachlan’s formula was ostensibly derived for real ¢, but the 
derivation appears equally valid for complex q 
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S 
Fig. 30 -Real and imaginary parts of A,/x* for a nonuniform stack whose 
average properties vary as three cycles of a cosine function across the stack. 





the value x appropriate to a uniform stack. MeLachlan’s formula shows 


that this is indeed the case; in our notation, the leading terms give 


= 


hg . 4g 
Aware r= , (570) 
Spr? sie | 

assuming of course that the second term is reasonably small compared 
to the first 

This coneludes our discussion of special types of nonuniformity. We 
shall now attempt to get an idea of what the numerical results mean 
in terms of the practical requirements on stack uniformity in a laminated 
transmission line which is expected to show a specified reduction in at- 
tenuation constant below a conventional line of the same dimensions. 
For this purpose we shall compare a plane Clogston 2 line having in- 
finitesimally thin lavers with a plane air-filled line of the same width a, 
bounded by electrically thick solid conductors. 

\t frequencies for which the conductor thickness of the “standard” 


Uy 








= 100 


hig. $1 Real and imaginary parts of the first eigenfunction, wy = 
for the nonuniform stack of Fig. 30. 
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air-filled line is great compared to the skin depth 6; , Its attenuation 


constant a, is given by equation (25), namely 
a, = 1/n.gid,a, (571) 


where my, is the intrinsic impedance of free space. By equation (535), 
the attenuation constant a, of the lowest mode in a plane Clogston 


2 with infinitesimally thin layers is 


Ay 
ZN io € Qua” 
If we assume nonmagnetic materials and put in the optimum value of 


#, namely 6 = 2/3, we obtain for a uniform stack with Ay = 


12.82 V € 


. (573) 
NeGia- 


agg = 

where €, is the relative dielectric constant of the insulating layers. 
The attenuation constant of the conventional line is proportional to 
the square root of frequency, whereas the attenuation constant of the 


uniform Clogston 2 is independent of frequency up to some frequency 


at which the effect of finite lamina thickness begins to be appreciable. 
If we confine ourselves to the low-frequency, flat attenuation region, 
and denote the ratio of attenuation constants by r, then from (571) 
and (573), 


Qeo/As = 12.82~ Pa 6,/a, (574) 


and the crossover frequency above which the uniform Clogston line is 
better than the conventional line occurs when 


a/5,; = 12.82/e, . (979) 
In the following numerical example we shall assume polyethylene in- 
sulating layers, with 
2.26, (576) 
so that (574) becomes 
19.276)/a. (577) 


If the stack in a Clogston line is not uniform, then regardless of the 
thinness of the lavers the attenuation constant will no longer be inde 
pendent of frequency, but will increase with frequency at a rate depend 
ing on the nature and the magnitude of the nonuniformity. Since from 
equation (572) the attenuation constant is proportional to Re A, , 
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While from equation (529) or (530), C is proportional to frequency for a 
given stack, we see that our plots of Re Ay a versus C need only the in- 
troduction of appropriate scale factors to read directly the variation of 
attenuation with frequency due to nonuniformity in the stack. Although 
a nonuniform Clogston line mav still be better under some conditions 
than a conventional line of the same size, the crossover frequency will be 
higher and the improvement at any given frequency will be less than 
if the stack were uniform 
Among the various interpretations which may be given to our nu 
merical results, we shall consider here only the following: Suppose we 
have a plane Clogston 2 line which, if it were perfectly uniform, would 
have an attenuation constant smaller, at a certain frequency, than the 
attenuation constant of the corresponding conventional line by a given 
factor, say one-half, one-fifth, or one-tenth. For these particular attenua- 
tion reduction factors the ratio of a to 6; may be calculated from (574), 
or from (577) if the insulation is polyethylene. The question is: What 
Variation in é across the stack is permissible if we are willing to have the 
actual attenuation constant of the Clogston line be double its ideal value; 
in other words, if we will settle for attenuation reduction factors of unity 
no improvement), two-fifths, or one-fifth instead of the ideal values one- 
half, one-fifth, or one-tenth ? 
fo answer this question for any particular type of nonuniformity, we 


have only to find, from the plot of Re Ay x versus C, the value of C for 


which Re A,/mr ?. Then the fractional difference between the maximum 
and minimum values of € corresponding to this value of C is given by equa- 
tions (530) and (531) to be 

3C6; , 


~y (f sae f min) ’ (578) 
4a? 


vhere we have taken 6 2/3, and fax and froin are the extreme values of 
the funetion f() which describes the tvpe of nonuniformity being con- 
sidered 

Phe special types of nonuniformity which have been studied above fall 
roughly into three different classes. In four of the cases, namely the svm- 
metric and unsvmmetric single discontinuities, the linear variation, and 
the half-evele cosine variation, the function f(é) varies monotonically from 
one side of the stack to the other. In the symmetric rectangular step and the 
one-evele cosine variation, f(£) oscillates from one extreme value to the 
other and back again. while in the three-cycle cosine variation, f(&) ex- 
hibits three complete oscillations across the stack. The following table 
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shows the permissible total variation in @ for each of these types of non 
uniformity. 


Symmetric discontinuity 5 0167 0.0027 OOO7 
Unsymmetric discontinuity 2 0295 0.0047 OO12 
Linear 2.6 0430 = 0.0069 OOL7 
Half-cevele cosine 29! 0298 0.0048 OO12 
Rectangular step 5: 0535 0.0086 O02] 
One-cycle cosine é O604 0.0097 O24 
Three-evele cosine O797 0.0128 OOS2 


It would be easy to construct a similar table for any other values of the 
attenuation ratio r, and for any specified degradation due to nonuniformit 
It is, however, already obvious that the greater the improvement for which 
one strives, that is, the smaller the ratio r, the more stringent will be the 
requirement On (€max Emin) / € 3 In fact, the permissible value of this quan 
tity is proportional to r°. In any practical case the value of é will have to 
be controlled against long-range variations within a fraction of a per 
cent, and if attenuation reduction factors of the order of one-fifth or one 
tenth are contemplated, the variations probably cannot exceed a few hun 


dredths of a per cent. [t also appears that a steady increase or decrease in 


the value of € across the stack will be the most serious type of nonuni 


formity, since the effects of very rapid fluctuations will tend to average 
out. 

Clearly the nonuniform laminated transmission lines which we have been 
considering in this section are very highly idealized, even if we disregard the 
geometrical differences between plane and coaxial structures. Any real 
Clogston cable will be built up of layers of finite thickness with unavoid 
able random fluctuations from layer to layer, superimposed on slower 
variations in the average properties of the layers from one side of the 
stack to the other. The thickness of an individual layer will also vary more 
or less in both directions parallel to the layer, so that the properties of the 
stack will be functions of the coordinates @ and z as well as of p. A few 
qualitative remarks are in order concerning these neglected effects 

The effect of finite lamina thickness in a nonuniform stack can be eal 
culated, by the method employed in Section XI for a uniform coaxial 
stack, if we make the plausible assumption that the macroscopic current 
distribution remains the same as for infinitesimally thin layers. The results 
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will certainly be qualitatively the same for uniform and slightly nonuniform 
stacks, so long as the nonuniformity does not seriously distort the field pat- 
tern of the operating mode 

Some idea of how the effects of rapid random fluctuations in the average 
properties of the stack may be expected to average out is given by equa- 
tion (570), which assumes for the function f(£) a »-eycle cosine variation 
aeross the stack. As acnumerical example, suppose that with this variation 


of €é we have 
0.01 


ina line designed to give an attenuation reduction ratio of 
lio. (580) 
\ssuming polyethylene insulating layers, we have for this line 
6,/a 1192.7 = 0.00519, 

and from (578) the corresponding value of C is 

( 247.6. (582) 
The value of v for which the relative increase in Re A; due to the fluetua- 
tions IS, sav, one quarter is vIVeN by 


c l c wht ae 
: = 1/./. (O83 ) 


Spat } ? \ 9 . 


Thus a | per cent fluctuation in é, repeated at intervals of about one- 
eighteenth of the stack width, will cause only a 25 per cent increase in 
attenuation, even for a Clogston line which is designed to have only one- 
tenth of the attenuation constant of a conventional line of the same size. 

Finally there is the question of the effects of variations in the average 
properties of the stack in both directions parallel to the layers. Mathemati- 
eal analysis of even a simple case of longitudinal variation would be much 
more difficult than what has been done here; yet on physical grounds it 
seems very likely that such variations will add an appreciable amount to 
the total attenuation of the line. If we consider two cross sections of a 
laminated cable separated by a certain distance and having different trans- 
verse nonuniformities, the field pattern of the lowest mode will be differ- 
ent at the two eross sections, and so in traversing the intervening distance 
the power will be partly refleeted and partly converted to higher modes 
with higher attenuation constants. The reflected or mode converted power 


will be at least partly lost, with a consequent increase in the overall at- 





LAMINATED TRANSMISSION LINES. II 1201 


tenuation of the cable. Hence the estimate of the increase in attenuation 
which one gets from the present analysis, considering only the variations 
transverse to the layers at an average cross section, Is certaim to be opti 
mistic in that it neglects completely the effects of variations in other 
directions. 


XU. DIELECTRIC AND MAGNETIC LOSSES IN CLOGSTON 2 LINES 


To discuss dielectric and magnetic losses in Clogston 2 lines we may 
take the electrical constants of the conducting and insulating lavers to be 


complex ; thus 
Ptaun¢ 
rtan¢ 
tan de 


Almost all of the equations of the preceding sections, except of course 
those which involve explicit separation of real and imaginary parts, re 
main valid when we introduce complex values of uw; , we, and e& . In par 
ticular the propagation constant of the pth mode in a Clogston 2 with in 
finitesimally thin laminae and high-impedance walls is given, as In Sections 


VIIL through X, by 
whe + (iwe/G)x>p, 
where 
Xp = pr/a 
for a parallel-plane line, and x, is the pth root ot 
JOON xb) — AG Nia 0) (O87 


for a coaxial line. Taking the square root of the right side of (585) by the 


binomial theorem, we have 


. X; 
Wy ME + 


2V u/eg 


In the presence of dielectric and/or magnetic dissipation, We write, as 


in Section VIL, 
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Then the term tw gé in (588) has a small real part, namely 


ag = 4wr/p'é’ (tan gd + tan §), (590) 


vr 


mM Ou, + (1 — Oyo . 


tan ¢ (591) 


a’ Ou, + (1 — 6)pe 
and ag is the part of the attenuation constant which is due to dielectric 
and magnetic losses. If there were no dielectric or magnetic dissipation, 
the second term on the right side of (588) would be purely real and would 
represent the attenuation due to ohmic losses in the conducting layers. 
We neglect the small change in this term when @ and é@ are complex, and 
thus as usual regard the metal losses, the dielectric losses, and the magnetic 
losses as additive. 

We observe that az is the same for both plane and coaxial lines, and is 
also independent of the mode number p. Although derived here for the 
case of infinitesimally thin laminae, the same expression may be used for 
lines with finite laminae, so long as the conducting layers are moderately 
thin compared to the skin depth. The dielectric and magnetic losses do 
not depend on the overall dimensions of the transmission line, but are 
direetly proportional to frequency provided that the loss tangents do not 
vary with frequency. 

If it should be necessary to calculate the dielectric and magnetic losses 
in a partially filled Clogston line where the dissipation factor of the main 
dielectric is markedly different from the dissipation factor of the stacks, 
ag may be obtained, using the method described in Section VII, as half 
the ratio of dissipated power per unit length to transmitted power. In this 
calculation we may use the field components given in Sections IX and X 
for the various modes in partially filled lines. 
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APPENDIX II 
OPTIMUM PROPORTIONS FOR HEAVILY LOADED CLOGSTON CABLES 


We wish to find the lowest root x1 of the equation 


TL SiGxa) Nol xen) Vi(xa)J o(xpr) 
xr Ji(xa)Ni(xpi) — Nilva)dsi(xpr) 
] Ji(xb N,| Xp2) Ny xb) Jol x pe) vi pe 


0 
log —, 


xp2 J 1(xpe)Ni(xb) Ni(xpe)d (xb) Mh Pi 
where 6 is fixed and uwo/i >> 1, and to minimize this root as a function of 
a, pi, and po. 

Since we expect x, to approach ZeTO AS Mo bw approaches infinity, we shall 
replace the Bessel functions appearing in (AQ) by their approximate values 


for small argument, namely 


Jo(x) S 
J ( x) Ax, 
9 
No(x) © = log 0.8905, 
T 
») 
Ni(2) - 


re’ 
for |x| <1. Then the equation becomes, approximately, 


l l xi | l xib Lo 
; log 


X1p1 9(—@/pi + pi/a X1p2 3( o/b + b/py) ji pi 


p 


which may be solved for xi to vield 


P 2h -_ __ 
i 2 2 7 2 2i- \ (12) 
ba log (p2/ pi) | py a b pe 
By inspection x; will be a minimum, considered as a function of a, when 


a = 0. Setting a = O and then equating to zero the partial derivatives of 


9 . . . 
x1 With respect to p; and pe, we get the pair of equations 


] l 
aa ae 3:3} 3 
pil log (p2/p1)] Pi 


l l l 2p» 
ps! log (p2/ px)” p} b= 2 (6 po) log (ps pi) 
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which yield, on rearrangement, 


log ( 


(A14) 
log \ 


Subtracting the second of equations \14) from the first and solving the 


resulting equation lor p; , we get 


uv 
oo 


pi - = 2 (A15) 


eliminating p; from the first of (A14), 


Numerical solution of (AI6) gives 
p2/b ().67674: 
and on making use of (A15) we obtain finally 
pi 0.39296), 
p 0.822645 


Substituting these values, with a 0, into (A12), we get for the minimum 
value of X , When po/i >> 1, 
25.905i 


: (A19) 
eh 


APPENDIX ITI 
POWER DISSIPATION IN A HOLLOW CONDUCTING CYLINDER 


Consider a hollow evlinder of inner radius p; , outer radius pe , and high 
conductivity g: . Denote the total current flowing in the positive z-direction 
inside the radius py by J; and the total current inside the radius pe by J» ; 
then the current carried by the conducting evlinder is Just J, — J; , and the 
net return current outside the eylinder is —/2. We assume the current 
distribution to be independent of the coordinate angle @, but the radial dis- 
tribution of the currents inside and outside the given evlinder is of no 
Importance 


(reneral expressions for the field components in the conducting eylinder 
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are given by equations (33) of Section I], which read 


H Al\(oip + Bk, Oip/, 
- Al, Oi1p) BK, 0p 
vi 
E n) Al O\p Bk o\p 
proy ided that we drop the propagation Tactor ¢ and make the usual 
approximations 
Gi, Wey . a Ky = O11, A/G} ~ Ni, A? ] 
for a good conductor. The constants 4 and B are determined by the 
boundary conditions 
Hsp, I, 2p, » I. p I, 2rp 9 (A22) 
which follow directly from Ampere’s circuital law. We find without diff- 
culty 
l 2rp2) hy O1p) (1, 2p) Ki o1p2) 
K \(o;pi) 11 ( oi: * Ki (oip2)11(o1p.) 
(11/2mp,)11(o1p2) (12/2mps)11(o1p,) 
Ki (o1pi) 11 (o1p2) - Ky(o1p2)11(o1p1) 
The average power dissipated in the conducting cylinder is equal to one- 
half the real part of the inward normal flux of the complex Poynting vector 
E X H*. For the average power P dissipated per unit length we have 


P ’ * , . 
S2arpolt(p2)H 3(p2) — 2rprk’.(p.)H 3(p1)| 


* 


ve Pi I, | 


fol: Kulos 


Ney Sei) 


lara Pip 


where 


/ / O\p.), K K 1p 425 


The combinations of Bessel ftunetions auppearmg mn (24) are just those 
for which we gave approximate expressions in equations (AS) of Appendix 


I, assuming the thickness f, (= p py) of the conducting cylinder to be 


small compared to p, . Substituting these approximations into CA24) and 
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rearranging, We get 


l f els t 
P Re (— out; coth oyt; 4 - 
borgit; | pe 2p1_ 


~~) 
(Is + Tii,) [ : 
— —— l onh, esch oil, \ \26 
Pi . 2p) 
: 
Il fy 
of; coth ot; — ~~ 
Pi : -Pi_) 


up to first order in t; pi Ii we set 
0} (1 +12 Oy , (A27) 


then on expanding the right side of (A26) in powers of 4/6; up to the fourth, 
we obtain 
| Hle- I; 


) : 2 


trrgits | , 
. a + + * * (A28) 
1) lols raG Eves T I; Is) : | 
t + 


5; ' Lop SO0% pip 1p, 


where we have approximated pill + t/ 2p, by .¥ ‘pip in the interest of 
symmetry. 

Now writing AP; for P, Al; for Ls I, , pj-1 for p, , and J;-; for J, , 
and neglecting curvature corrections of the order of pi entirely, we have, 
on setting I, and E both equal to I; , in the coefficient of (t 5)", the ap 
proximate relation 

: a, ; 
AP; [a5 | + 1G PF], (A29) 


brgitipjya L 36) 


which is just equation (472) of Section XI. 
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The general transistor prope rties of small size and weight, low power and 
voltage, and pote ntial long life suggest extensive application of transistors 
to pulse or switching type systems of computer or computer like nature. 
It is possible to devise simple regenerative circuits which perform the nor- 
mally employed functions of waveform generation, level restoration, delay, 
storage (registry or memory), and counting. The discussion is limited to 
point contact type transistors in which the alpha or current gain is in 
excess of unity and to a particular feedback configuration. Such circuits, 
which are of the so-called trigger type, are postulated to involve negative 
re sistance. On this hasis an analysis, whach approximate s the neqalrve 
resistance characteristic by three intersecting broken lines, is developed. 
Conclusions which are useful to ctrewt and device design are reached. 
The analysis is deemed sufficiently accurate for the first order equilibrium 
calculations. Transistors having properties specifically intended for pulse 
service tn the ctreuits described have been deve loped Their properties, and 


limitations, and parameter characterizations are discussed at some length. 


INTRODUCTION 


It is proposed to discuss some of the properties of transistors which 
are applicable to switching or pulse-type circuits, to develop elementary 
analysis methods and to describe a few circuits. 

The bounds or limits of the field of switching are difficult to define 
The common thread usually involves definite states of being as ‘‘open 
or closed’’, “off or on’’, “O or 1’, and so on, rather than a continuum of 
conditions. Even when consideration is given to more than two states, 
the thought involves distinct recognition of each state. The field is 
termed to be non-linear in distinction to linear manipulation of informa- 
tion. Any number of anomalies in definition may be raised. 

Without attempting either to define or to limit the field, some of the 
functions which are often employed are: wave form generation, as 
rectangular pulses, sawtooth waves, ete.; memory or storage which may 


1207 





Ataet 


See seerr- 
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be for short, intermediate or long periods and involves the retention of 
information for subsequent use; operations involving addition, sub- 
traction, multiplication and division; translation of information from 
one form 6r code to another; gating, involving the routing of signals 
according to a predetermined pattern or set of conditions; regeneration 
of signals in amplitude and wave form; delay, which may be thought 
of as a torm of storage; and timing. Some of these functions are simple; 
others result from fairly complex structures of simpler functions. 

Present trends in electronic switching systems are toward compli- 
cated automata as exemplified by digital computers.! The reliability, 
power consumption and physical size of the electron devices employed 
largely determines the degree of realizability of such systems. It is 
believed that the transistor will find a significant application in this 
field 

The transistor can reduce power consumption by the elimination of 
heater or filament power. In addition, particularly in broadband ap- 
plications as in high speed pulse systems, the ‘““B” power may be reduced 
by the order of one or two decades if not more. Transistor circuits with 
0.02 us rise time have been made to operate with an input power of 20 
milliwatts which compares with approximately 2.5 watts (l-watt heater, 
1.5-watt plate) for an equivalent tube circuit. Transistors have operated 
with less than one microwatt input power.* 

Such power reductions result from the low operating voltages, low 
internal resistances and low capacitances of transistors. Low internal 
impedances greatly reduce the importance of stray wiring capacitances 
thereby making mechanical design much simpler and often eliminating 
the need for isolating or buffer amplifiers. 

The transistor can contribute definite reduction in size directly. Fig. 1 
shows a “bead” transistor which has a volume of approximately 1/1000 
of a cubic inch and a weight of 5/1000 ounce. Indirectly the transistor 
can contribute to size reduction through the use of smaller, lower voltage, 
lower dissipation components. The reduction of power supply require- 
ments in terms of size, regulation and capacity is also quite appreciable. 

Transistors have been subjected to shocks in excess of 20,000 G with- 
out change in characteristics. Vibration tests have shown no resonances 


in the transistor shown in Fig. | to several thousand eycles. Harmonie 


aecelerations of LOO ¢ “at L000 eveles have produced no detectable cur- 


rent modulation 


I. N. Ridenour, “High Speed Digital Computers’, J. Appl. Phys., 21, pp. 
263-270, April, 1950 

Ro LL. Wallace, Jroand W. J. Pietenpol, “Some Circuit Properties and Ap- 
plications of n-p-n Transistors’’, Bell System Tech. J., 30, pp. 580-5638, July, 1951. 
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Life reliability and expectancy are difficult to determine due to the 
relative infancy of transistors, the definite finiteness of time, the many 
variables involved and the rate of development progress. Average life 
is presently estimated to be in excess of 70,000 hours. Life is a funetion 
of the operating conditions and may be materially reduced accordingly. 

Transistors also have limitations. Noise at present is high for point- 


contact types as compared to electron tubes; input impedances are low, 


which may be either advantageous or disadvantageous; power output 


may be limited; frequency response is relatively low; circuit instability 
may cause design difficulties; and the devices are sensitive to tempera- 
ture changes. There is also an absence of a long practical experience 
with a consequent art background in both devices and circuits. 

A comprehensive review of transistor properties is given in the paper 
by J. A. Morton.’ 

While it is difficult to define the switching field, it is no less difficult 
to discuss circuit and device properties on a general basis. This is related 
to the non-linear nature of the circuits and devices in distinction to the 
virtually Classical linear small signal field. The lack of a classical method 
of analysis is a serious handicap in the synthesis of contemporary circuits 
and devices. When new devices, as the transistor, are to be considered, 











Fig. | -A miniature switching-type transistor (M1689 


J. \ Morton, “Present Status of Tr imsistor Development” 


Tech. J., 31, pp. 411-442, May, 1952 
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the problem is multiplied due to the lack of a long background of experi- 
ence 

It has been assumed that negative resistance is a common thread 
among “trigger circuits’? and oscillators regardless of the device em- 
ployed — electron tube, gas tube, transistor, mechanical structures, ete. 
This is not a new or novel idea and there is no intent to present it as 
such.’ Rather, it is used as a pattern upon which a certain degree of 
transistor analysis may be based, leading to simple understanding. The 
analysis assumes that the negative resistance characteristic can be broken 
inte three regions; each region is then considered on a linear basis. 

Section [T will deal with simple circuit properties; Section II] with 


analysis and Section [I] with device properties. 


SiMeLe Crrcutr PROPERTIES 


The common property ascribable to switching functions is that of 
definiteness of state. The condition of the function is either “off” or 
‘on’? Switches are either open or closed; relays are operated or not; tubes 
are in cutoff or overload; doors are open or closed and so on. This is 
common regardless of the phenomena being exploited. 

There is an intermediate region between these two conditions usually 
characterized by a time which is related to how fast the function may 
yo from one state to another. Functionally the times of closing and 
opening are taken to be zero; practically, they are of determining im- 
portance. Relays replace hand-operated switches and electronic devices 
replace relays as speed becomes important. Obviously, no function or 


system can be faster than its state-devices. 


\ll such state-devices will have separate attendant properties such 


as the degree of reverse coupling between the controlling signal and the 
controlled signal. Separated into families, however, there are those 
which are passive and those which are active. The latter are threshold 
devices in which a small amount of signal or control energy causes the 
translation of a relatively larger amount of stored energy into dynamic 


energy which consummates the change in state. As long as the control 


‘See for example “Negative Resistances, Their Characteristics and Effects 
Sinusoids, Relaxation Oscillations and Relaxation Discontinuities’’, Walter 
Reichardt, Elektrische Nachtrichen-Technik, 20, pp. 76-87, March, 1943; “Uniform 
Relationship Between Sinusoids, Relaxation Vibrations and Discontinuities’’, 
Walter Reichardt: Elektrische Nachtrichten-Technik, 20, pp. 213 225, Sept., 1943 
For transistors: ‘Counter Cireuits Using Transistors’’, E. Eberhard, R. O 
Endres and R. P. Moore, RCA Review. pp 159-476. Dee. 1949; ‘SA Transistor 
Trigger Cireuit’’, H. J. Reich and Ungvarvy, Rev. Sez. Instr., 20, p. 8, p. 586, Aug., 
1949: and “Some Transistor Trigger Circuits’, Proc. Inst. Radio Engrs., 39, pp 
627-632, June, 1951, P. M. Sehultheiss and H. J. Reich 
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signal is below the initial threshold there is no response and any change 
is directly related to the passive transmission of the control signal alone 


When the signal exceeds the threshold the second state is assumed 


Watch escapements, thyratrons, and the whole family of oscillators 


fall into this category. When the simplest cases of such functions are 
analyzed, they are found to involve in one way or another two stable 
states separated by a region in which there is positive feedback and 
gain in excess of unity with a resultant equivalent negative resistance 
The propositign that a negative resistance characteristic Is Common to 
trigger or threshold switching circuits is tacitly assumed. The next step 
is to examine the transistor for such behavior and to classify the proper 


ties. 


NEGATIVE RESISTANCE IN THE TRANSISTOR 


That the transistor* can exhibit negative resistance has been demon 
strated analytically? and experimentally. The resistances seen looking 
into the emitter and collector of the transistor with grounded base are 
shown in Fig. 2 

In the equations and discussion to follow, the symbol conventions 
are as follows: External circuit elements are capitalized as R, , Rs, and 
R.. The svmbols Ry ’ R, P Ro and R 1 define the open-circuit transistor 


resistances; the symbols r,, 7. , 7» , and r, define the equivalent cireuit 


e 














Fig. 2--Emitter and collector driving pe 


* Discussion is limited primarily to point contact 
rent gains greater than unity 

>R. M. Ryder and R. J. Kircher, “Some Circuit Aspect 
Bell S stem Tech J » % pp 367-400 July, 1049 
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element values. Network resistances which contain both device and 
external elements are primed. For example, Ro» Ren + Ro + Ro, 
where [?, r. + r,.See also references 3 and 5. 


Taking the collector or output resistance, Fig. 2, for example, 


ls. Past 
Re : ° | ° z 


e8 
r+t+nmt Rk, 


Re, can be negative or positive depending upon the relative magnitudes 
of the two terms. Actually, of course, r,, has a phase factor and so is 
frequency dependent. Frequencies wherein r, is essentially resistive 
will be assumed. For negative resistance, r,, Must be large, 2, small and 
rp not too small or else augmented by external resistance. Negative 
resistance is thus predicted on a small-signal linear basis. The large- 
signal behavior may be studied experimentally by adding sufficient 
resistance as /?, to the first or positive term to imsure stability. This is 
shown in Fig. 3 with the resultant characteristic. External base re- 
sistance Ry, has been added and PR, is zero. 

Fig. 3 illustrates the pattern of a three-valued characteristic: Regions 
| and ILL are portions with positive slope, indicating stable operating 


J 


a ee 


CS 
| 


“e€ 








hig. 8 -Collector large-signal negative resistance characteristic. 
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regions, separated by Region IT, a region of negative slope, indicating 
the possibility of instability. In this particular case, Region I has high 
resistance and Region III] very low resistance. 

An evaluation of the emitter or input characteristic leads to similar 
results, using the circuit of Fig. 4. Ry has been added here also and PR 
taken as zero. The general pattern is again present. Region I has high, 
positive resistance; Region I], negative resistance; and Region IIT very 


low, positive resistance 


BIASES AND LOAD LINES-~—BISTABLE OPERATION 


The negative resistances of Figs. 3 and 4 are both of the so-called 
open-circuit stable type. If loads are applied to the circuit terminals of 
Fig. ‘2 which are larger in magnitude than the negative resistances, the 


circuits will be stable; that is, there will be single operating points 


, 


This is shown in Fig. 4 by the dashed load lines marked, R,, R, , R, 


A load resistance smaller in magnitude than the negative resistance 
may intersect the characteristic in three positions as shown by the 
load line R, . 

The load line 2, can be made to have single or multiple intersections 
by biasing properly as shown in Fig. 5, where the three possibilities are 
shown as R,, Ri, RY. Single or multiple intersections result in ac- 


cordance with the choice of emitter bias, V., , as shown. It can be shown 




















1 Idealized emitter large-signal negative resistance characteristic 
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that the intersection of load line #, with the characteristic at b in Fig. 5 
is unstable whereas those at a and ec are stable. Experiment in the multiple 
Intersection case shows also that ag V,, is slowly increased (decreased in 
absolute magnitude) the load line moves upward and that the assumed 
operating point, a, moves up along the Region I portion of the charac- 


teristic. At the turning point shown on the current axis, the operating 


point suddenly flips to the high current region, returning along the 


curve to cas V,. is returned to the original value. 

A decrease in V.. toward Vii moves the operating point at ¢ down- 
ward along the characteristic until it “‘esecapes” past the lower turning 
point and flips to the Region I portion, returning toa as V({ is returned 
to the original value. This then is an elementary switching circuit, a 
bistable trigger circuit or “flip-flop”. A positive emitter pulse will cause 
the circuit to flip to high current, a negative pulse to low current. The 
triggers mav be applied to emitter, base or in combination with proper 
attention to polarity. Trigger sensitivities are shown in Fig. 6. Such a 
circuit is often used for register or storage purposes. It can store one bit 
of information for a potentially infinite period, be sampled for the 
presence of such information, and be cleared or restored to the original 


condition for reuse when the stored information is no longer useful. 











ive 
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With the addition of suitable steering circuits it can be made to count 


by a scale of two. 


MONOSTABLE AND ASTABLE CIRCUITS 


The addition of a capacitor to the circuit as in Fig. T7(a) leads to 
either monostable or astable operation In Fig. 7(b) the normal operating 
point is stable at a as discussed previously by virtue of the bias Vy, 
As V.. is increased, as by a trigger, the load line is moved up and over 
the turning point. Without capacitor C in the cireuit, the operating 
point would move to 6 with the resultant rapid change in voltage and 
current. However, a capacitor has in effect voltage inertia; this is 
equivalent to saying that a capacitor is a short-circuit to a voltage 
change. Both the capacitance and the rate of change of voltage are 
assumed high. Thus at the turning point the capacitor effectivels 
short-circuits the emitter and the operating point snaps along dotted 
line (1) to intersect the characteristic. This point is quasi-stable and 
the capacitor is discharged along line (2) to the second turning point 


where the emitter is again effectively short-circuited and the operating 


point snaps along (3) to intersect the Region I portion of the character- 


istic. This point is also quasi-stable and the operating point moves 
slowly up to the initial or de stable operating point. A single trigger 


thus causes a complete cycle of operation. The emitter current shifts 








Fig. 6—Bistable circuit showing trigger sensitivity, A 
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rapidly to a high value of current, falls relatively slowly to an inter- 
mediate value, then shifts rapidly to a small negative value and finally 
returns slowly to the original value. The emitter current and voltage ; 
are sketched in Fig. 8. It is a so-called “single-shot” circuit. Alternately 
the rest or de stable point can be chosen to be in Region III, at high 
current, by choice of positive instead of negative bias V,.. Practical 
considerations as ease in triggering and average power consumption 
usually indicate a preference for the Region I de stable point 
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Fig. S—Idealized monostable relaxation oscillator waveforms 


When the load line and bias are chosen to result in intersection in the 
negative resistance portion, astable operation or continuous oscillation 
results. This mode is illustrated in Fig. 7(¢). Proper bias and R, > Rin |, 
Region IT, are required. The operating point formed by the intersection 
of the load line on the negative resistance portion of the characteristic 
would normally be stable. However, the capacitor provides an ac short- 
circuit in parallel with 2, causing the path (1), (2), (3), (4) to be followed 
continuously. Another form of physical explanation of this relaxation 
oscillation, usually applied to gas tubes, is that the capacitor Cis 


charged slowly throuch 2, to a critical or breakdown value whereupon 


the tube or device rapidly discharges the capacitor. When the capacitor 
charge is dissipated, the device discharge can no longer be maintained 
due to the IR drop in FP, and the tube or device open-circuits and the 
capacitor is recharged. 

The above suggests a strong simularity to gas tube behavior and this 
is indeed so. In fact, the modes described above are common to all 
open-circuit: stable negative resistance devices; only the parameters 
and device phenomena are different 

The primitive circuits of Fig. 7 have properties basic to several 
switching functions. These may be deduced from the waveforms of Fig 
8 which are essentially identical to both the monostable and astable 
cases. The emitter current has a rectangular waveform which suggests 
the generation of rectangular pulses; and, for the astable case, regenéra- 


tive amplification for both amplitude and wave shape, pulse rate on 
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frequency division and delay. As shown the current waveform is not 
particularly good, having neither a flat top nor a flat base line. Practically, 
the waveform may be derived from the collector by means of a small 
load resistor to obtain a flat base line. When the emitter current is 
negative there is sensibly no transfer action, hence, the collector current 
will be constant during the re-charge portion of the cycle instead of 
exponential as shown. The slope of the top is inherent and may be 
removed by clipping. Pulse rise time, the time required for transition 
from low current to high current, of O.1 ws is quite easily obtainable; 
0.02 us with average input powers of 20 mw have been obtained. Fall 
time is usually longer than the rise time by factors of 3 or 4. It is to be 
noted in Fig. & that there has been shown a delay between the trigger 
application and the current transition. Such delay is not peculiar to 
transistors, but is common to all trigger type devices and circuits. The 
delay is shown here exaggerated in order to establish its existance and 
is associated with the static charging of the circuit and the dynamic 
delay of the device concerned. The trigger-transition delay with tran- 
sistors is usually less than 0.1 us. 

The voltage waveform of Fig. 8 has a sawtooth form and may thus 
be employed to generate linear time bases or sweeps. The normal 
methods for linearization such as a high charging voltage V,. and a 
high charging resistance R&R, or other constant current means are appli- 
cable here as in other device circuitry. Free-running and driven sweeps 
may be obtained with the astable and monostable circuits respectively. 

Since the collector characteristic shown in Fig. 3 is also open-circuit 
stable, the same sort of circuits can be constructed using the output 
characteristic. Bistable, monostable and astable circuits are shown in 
hig. 9 

The resistances seen looking into the base are given in Fig. 10. These 
circuits are short-circuit stable. That is, high values of Ry result in 
instability. Bistable, monostable and astable circuits can be constructed 
also, but use is made of an inductor instead of a capacitor. The reactance 
of the inductor affords a quasi-open-cireuit in the same manner as the 
eapacitor afforded a quasi-short-circuit in the previous cases. Circuit 
examples are shown in Fig. 11 


SUMMARY 


These simple circuits by no means exhaust the switching circuit 
possibilities of the transistor; rather, they are the simplest. The simple 
circuit is often satisfactory and may sometimes be employed with little 


more understanding than that given. More often, however, problems 
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relating to the sensitivity, constancy of sensitivity, operating currents 
and voltages, interchangeability and the like require a much more 
quantitative understanding in order to create circuit designs having 
specific properties.* An equal need also exists in transistor design for 
analytic circuit relationships. Such information is useful first, in the 
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Fig y Colleetor connection switching circuits 


* See, forexample, J. R. Harris, ‘A Transistor Shift Register and Serial Adder’, 
Proc. IRE, Nov., 1952; R. L. Trent, ‘A Transistor Reversible Binary Counter’’, 
Proce Inst Radio Enar 7 Nov r 1952; H G Follingstad J N Shive, R ke y serer, 
“An Optical Position Encoder and Data Transmitter’, Proc. Inst. Radio Eng 
Nov., 1952 
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creation of optimized designs and, second, in the maintainance of 
proper parameter controls in manufacture. Finally, the more detailed 
the understanding, the more likely will be the creation of new circuits 
and new devices. 

A complete analytical treatment will not be attempted here; con- 
sideration will be limited to the equilibrium case and in particular to 
the simple circuits deseribed 


[I-——ANALYSIS 


In order to deal analytically with circuits and devices it is necessary 
to have analytic expressions for the device characteristics. For small 
signal analysis this is relatively easy. In large signal applications, as in 
switching, the situation is not so simple. The problems arise because 
of the high degree of nonlinearity wherein the simplifying assumptions 
employed in small signal analysis are by no means valid. Further, it is 
desirable to retain de terms in many cases 

The method to be emploved here is the so called broken-line method 
Which involves approximating the negative resistance characteristic by 
three intersecting straight lines. The assumption is made that there are 
three distinct regions of operation in each of which the device is sepa- 
rately linear, but involving different parameter values for each region. 

The approximation is shown in Fig. 12. The assumption that the 
negative resistance characteristic can be simulated by three straight 
lines is reasonably valid for gross considerations; for fine detail near the 
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turning points the approximation is by no means accurate although 
affording zero order information 

Preparatory to the analysis of the negative resistance characteristics, 
it is necessary to obtain analytic expressions for the transistor currents 
ind voltages. This in turn involves the following steps: 

|. Identification of the three regions in terms of the device character- 
stics 

2. idealization of the device characteristics to obtains simple, linear 
relations, and 

3. Evaluation of the device parameters in each of the three regions. 

Fig. 13 is a family of open circuit characteristics for a typical switching 


type transistor. Specifically, in small signal terms, 
TABLE I 

Paramete Equivale nt Tee 
ov, 
ol. |, 
av, | 
ol 
oV. 
ol, 2 
dV. | 
ol I 


Ri ret [ 





‘ 


al. Roy ; om -f- Th 


cp ‘ Roo Te +- To 


e 


lso 


Phe above set, normally employed for small signal analysis, will be 


assumed to be constant within a given region, but changing in value 


trom region to region 


IDENTEFLCATION OF THE THREE REGIONS 


It mav be recalled with the aid of Fig. 12 that the negative resistance 
characteristic consists of a negative resistance region bounded on each 
side by a region of positive resistance. Thus the device is first passive 
in nature with little or no gain, then very abruptly exhibits considerable 
gain With the resultant negative resistance, and finally becomes very 
abruptly passive again with little or no gain. 

It would seem quite clear that abrupt changes in the transmission 


properties of a device should be associated with equally abrupt changes 
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in the forward transfer characteristic. In the case of the transistor, the 
behavior of the forward transfer properties is given by the forward 
transfer impedance, Ry . 

Examining the Rs; family in Fig. 13, it is seen that in the normal, 
positive emitter current region the slope, fs; . is high indicating the 
possibility of high forward gain. When J, is negative, however, the 
slope is zero or nearly so, changing very abruptly at /, 0. Further, 
it is to be noted that as J, is made negative, the collector voltage is 
unaffected, remaining constant for further change in 7,. Thus it mays 


be said that the collector voltage is saturated.* 





JRRENT 





Fig. 12—Broken-line idealization of negative resistance characteristie—divi 
sion into regions 


If, on the other hand, the emitter current is increased, at constant 


collector current, it is found that at a critical emitter current the slope 


again becomes zero or nearly so. There are also two further observa 
tions. First, the collector voltage is reduced to a very small value and 
second, that the critical emitter current is related to the colleetor 
current. From the small-signal relation, 


V = Rol, T Rol 


V. Real, + Rexel 
* It is tacitly assumed that in the relation y f(x) that there are extremes at 
which y becomes essentially constant and independent of further change in the 
independent variable z. The point farthest removed from the origin at which the 
dependent variable becomes constant is termed saturation. The point closest to 
the origin at which the dependent variable becomes constant is termed cutoff 
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the eritical emitter current for collector voltage cutoff may be obtained 
by setting V 0, as, 

/ ' 

I, - (4) 


a 
This relationship is dual to the grid voltage-plate voltage relation in 
tubes for plate current cutoff as, V, (V,/u). The criteria for de- 
fining the three regions are thus established as: 
Region I (Collector Voltage Saturation): J, 
fg 


a 


Region II (Active): 0 < J, 


i, 


cr 


Region Ill (Colleetor Voltage Cutoff): Fi = 


The identification of device parameters will be made for the several] 
regions by a single prime for Region I as r,, none for Region il as r, , 
tee 


egion II] as Tl. 


and three primes for | 


LINEARIZATION OF THE CHARACTERISTICS AND APPROXIMATIONS 


The next step is to linearize the characteristics and to make suitable 
approximations in order to obtain simple linear equations of the tet 
minal currents and voltages. The relations which require linearization 
are the device parameters Ri, Ry, Ry and Re which are in general 
functions of the currents as PR; f(y, Ts 


LINEARIZATION OF Ry, AND Ryo 


In terms of the equivalent tee circuit, which has been and will be 
employed, Riu is given as Ry = 7 + 7m. Also, Ry r,. It 1s convenient 
to separate r, and r, and discuss each separately since rp is fairly constant 
and r, will have widely different regional values. 

In the Ry» familv of Fig. 13, it may be seen that Ay or ry is fairly 
constant in all three regions and will be so taken here. Further, in the 


simple circuits under consideration, external base resistance A, has 


been inserted so that minor variations in r, in the total of rm + FR), are 
inconsequential since usually 2, > rm. The approximation that ry is 
constant is subject to review where finer detail is necessary, particularly 
at low emitter currents where the rate of change of 7) is at a maximum. 

The emitter resistance r, is approximately the resistance of a diode 


in the forward direction. As such, 7, is high when the emitter current is 
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negative and low when the emitter current is positive. Experimentally, 


it is found convenient to give three values to r, and hence to Ry, one 


for each region as shown in Fig. 14. This recognizes the non-linearity 


with /, in the forward direction and assumes that a single value in the 
reverse direction is sufficient. As the circuitry becomes more sophisti- 
cated a more precise approximation will undoubtedly be required, 
particularly near J, 0) 

It may be noted that in the functional relation Ry fl. , T.) that 
Py, is taken to be a function of 7, only. The contribution of J, is to shift 
the characteristic in voltage by nA/. increments. Thus the relation- 
ship of V, f(I,, T.) can be written very simply as 


V, Rul, T Riel, (S) 


Since the problem has been linearized to first order terms only, the 
currents and voltages are total instantaneous or de values as indicated 
by the capital letters. 


IDEALIZATION OF PR 


\s indicated previously, Re will be small in Regions I and IIT and 
large in Region IL. Since Ry rm + T, Roy can be no less than ro ; the 
defining approximations will be applied to r,,. In Region I when the 
emitter current is negative, r,, 18 taken to be zero and reflects the device 
approximation that the emitter current under this condition is entirely 
electron current. This is not always a true approximation, particularly 
near TI, 0, and limiting tests are employed in transistor testing. 


regional division of input characteristic (R 
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In Region II, r,, has, of course, high values and in general r,, > 
Pending further investigation, 7, Will be assumed finite, but very small 
in Region III. 


IDEALIZATION OF Roe 


In the output family of Fig. 13 it may be noted that Re» has two 
values, a high value for 7, > —al, and a low value for /, - ale. 
The high value corresponds to Regions I and II and the low value to 
Region III. To a first order the two values are separately constant 
which was not true of earlier transistors in which Rx» underwent ex- 
tensive degradation in magnitude as /. and /, increased. 

The lower limit to which Rw» can fall in Region IIT is m , since Re» 

r- + rm, implying that r. is zero in Region iI. This is approximately, 
but not accurately true. As a/, approaches —/, in magnitude, the 
voltage across the collector barrier becomes nearly zero so that r. has 
a low, but finite value. Under this condition, the hole current is very 
high and heavy conductivity modulation of the collector barrier re 
sistance occurs. Thus the collector resistance in Region IIL is indeed 
quite low and may be neglected for many circuit computations 

In the functional relation Re = f(7,. , /-) it has been assumed that PR 
is a function of J, alone. Further, the approximation involves first order 
terms only and hence the functional relation V f(I,, I-) may be 


written as: 
Ve. = Ryle + Rol. (9) 


Here again, as in the input case, the currents and voltages are total 
instantaneous or de values as indicated by the capital letters. 

It is believed desirable, however, to give one more consideration to 
the output relations. When 7, = 0, the collector characteristic is ap- 
proximately that of a diode in the reverse direction. A diode has low 
reverse resistance until the voltage across the barrier exceeds a few 


tenths of a volt and then has quite high resistance, approaching infinite 


slope in the ease of junction diodes.’ ° This effect is shown exaggerated 


in the idealized output family of Fig. 15. The current and voltage at 
the break in the 7, = 0 curve have been termed J.4 and V respectively 
To and V4 are quite evident in Junction devices; in point contact devices 
they are not nearly so evident due to the lower value of Re» and the 
higher voltages and currents normally employed. Where currents and 


‘See Reference 2 


Holes and Electrons W Shockley ” Van Nostrand, p 91, 1950 
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voltages are of the order of several milliamperes and a few volts, J. 
and Vo may normally be neglected. 7. and Vo do have considerable 
interest to the device designer, however. The net circuit interpretation 
of J and Vw is to effectively transfer the current-voltage axis from 
0, Oto lo, Vio. Therefore, 


10) Ro» (10) 


Tao) (re + 1p (11) 


’ . ‘ver ‘ 
Making the approximation that V4 Toko and rearranging, equa- 


tion (10) becomes, 


lalte + Lala = Ral, + Oe 


yee 


V T I o( Ro» Ro» } Rol, r T Ro 


whieh is of the usual form except that a small de generator of magnitude 
Talk Ro». ) has been added in series with the collector. Since Ro» 
] ~ % and Rs r oo Th. 


yry 


I o(Ro» — Rog ) I o(r f (14) 


The output family equation with equivalent circuit) parameters 1s 
| i | | 








REGION | 
COLLECTOR VOLTAGE 
SATURATION ) 


ition and regional division of output characteristic (R, 
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SUMMARY OF IDEALIZATION OF CHARACTERISTICS 


The results of the idealization of the device characteristics are sum 
marized in Fig. 16. Here are given analytic expressions for the input 
and output voltages in terms of the input and output currents; the 
regions are defined symbolically and by typical values; and an equivalent 
circuit is given. It may be noted that the equivalent circuit is identical 


to the small-signal equivalent tee, excepting the small de generator 


; . 
Tl, r. ) Which usually may be neglected when dealing with con 


temporary point contact transistors. 

To obtain any of the negative resistance characteristics it is only 
necessary first to solve the two equations simultaneously for the ap- 
propriate voltage in terms of the appropriate current, and then second 
to insert into the resultant equation the proper parameter values, 
region by region, to obtain three equations. These equations, when 
plotted, result in an idealized characteristic similar in form to that of 
Fig. 12. A detailed example plus synopsis of the properties of the several 
connections will be given in the following sub-section. 
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Fig. 16—Broken-line transistor equations, regional parameter values and 
equivalent tee circult 
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PrHE ALPHA OR CURRENT GAIN FACTOR* 


The derivation Just given has been in terms of the equivalent circuit 
parameters, r., rm, Te, and r,. Another circuit factor, alpha or the 
short-circuit current gain, is also quite useful. Alpha has been defined 

| us the negative ratio of the incremental change in output 
current to the incremental change in input current under the condition 
of short-circuit output terminals, 

Thus alpha is restricted in interpretation to a specific device termina- 
tion and care should be taken in the employment of alpha when other 
terminations are involved. For example, the circuit current gain under 
veneral conditions is given by oe Ro. The ratio Rs, Re has been 


sometimes termed a Thus, 


Ry owt Ret tm 


; (16) 
Roe» nt+R+r+ Rk, 

Depending upon the magnitudes of A, and FR, , the two current gain 
ratios may be markedly different. In Region Il where r,, and r, are very 
large the effects of Ry, and FR. in equation (16) often may be neglected. 
The cireuit current gain, a, may then be taken as the device alpha. 
In Region 1, 7, has been taken as zero; hence the current gain will be 
somewhat less than unity, given by (7, + Ry)/(r + Ry + re + R.), and 
is definitely not zero. Equally, in Region ITT, the circuit current gain is 
not zero but rather approaches the ratio, (mr, + R,)/(re + Ry + R,). 


If 2, > R,, the ratio is nearly unity. 


ANALYSIS OF NEGATIVE RESISTANCE CHARACTERISTIC 


The objectives of the circuit analysis, as stated previously, are: 

1. ‘To determine operating conditions such as proper values of loads, 
biases, trigger sensitivities and operating currents and voltages, 

2. To determine the relationships of the device parameters to the 
circuit’ behavior in order that these parameters may be optimized, 
properly characterized and controlled for required circuit performance. 

lor example, the trigger sensitivity may be given by the voltage 
difference between the load line intersection with the Region I portion 
of the characteristic and the upper peak or turning point of the charac- 
teristic as shown in Figs. 6, 7 and 9. The sensitivity A is thus determined 
by the nearness of the bias point to the peak of the characteristic. 
Since the bias is normally fixed, variations in the sensitivity will arise 


* This section is inserted parenthetically as clarifying material due to the use 
of the a-factor in subsequent discussion 
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from variations in the peak point. Thus it Is necessary to know the 
relationships which determine the currents and voltages of the peak 
and valley points in order first to achieve a design and second, to estab 
lish controls on the proper device parameters 

In this example the emitter negative resistance characteristic will be 
solved and analyzed. The solutions for the other characteristics follow 


in the same manner and will be summarized 


EVALUATION OF EMITTER CHARACTERISTIC AS AN EXAMPLI 


To obtain the emitter characteristic, it is necessary to solve the two 
equations of Fig. 16 for V, in terms of 7, . The equations as given are 
for the short-circuit case. Since the general case will involve external 
parameters as Rk, and R., the equations will be modified to include 


these parameters. 
The effects of external parameters may be applied very easily since, 


eae in, (17) 
and 


V ‘ 1.R. 18) 


where V,, and V.. are supply voltages; V. and V. are measured from 
the appropriate terminal to the far end of the external base resistor. 
Kxternal R, adds directly to m . Thus the two equations become: 


- vs? R. Te 4 Ry I, ~ tr. R, / (19 


trn+ Rk), "b + R.)l 
In manipulation of equations (19) and (20) it is often more easy 
do so in the functional form, 
Vi = Ruhl + Reale 
Rul + Role 
with substitution at the evaluation stage. The R’s here include both 


device and circuit parameters.* 
Solving equations (19) and (20) simultaneously, the following rela- 


as Here the primes indicate generalized open circuit driving point resistance 
rather than reference to Region I. The duplication of symbols is regretted 
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tionship between Vy and /, is obtained: 


(rm, + Rs)( rs, T R, + lm) 
no+h+re+R. 


(V.. + Lalr. 


mnt+th+re+ R. 


Vy. -+tRe+nt+ hk, 


( ry } R, ) 


equation (23) is general for the given circuit; it suffers, however, in 
difficulty in interpretation due to the numerous terms. In the regional 


evaluation to follow, approximations will be made which bring out the 


significant factors although decreasing the accuracy somewhat. The 


! r. \I4 terms will be neglected. It is assumed also that large ex 


ternal base resistance 72, is employed. 


EVALUATION IN REGION I 


In Region I, from Fig. 16, 7, is zero and r, is large so that r, > 


r, + Ry). Also, by assumption, ro < R,. Applying these approxima- 


thons, equation (23) becomes, 


Y= R, 


(24) 
+r+ R 


Iquation (24) is the equation of a straight line, having slope re and 
an intercept on the voltage axis at (WV ft))/(Ry + re + R.). The small- 
signal input impedance is just the slope value or ri. 

The short-circuit case where R&R, is zero is the most adverse device 
condition in the sense that the de term will then be most dependent 
upon device parameters. When FP, 0, equation (24) becomes 

VR, 
Ry +r 


(25) 


EVALUATION IN) REGION II 


In Region IL all parameters are finite and the only approximations 
which may be made are nr, < FR, and r, < Ry. Thus, 


: RR, + I'm) Ves R, 
| , = R, I, , : 
. | Rs + Tm | "Retr +R. 


If A, is not too large, it may be approximated that (7, 
R, a. Taking PR 0, thus, 
VR, 


1 7. 


V on ~ R,( | 
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Equation (27) is also the equation of a straight line having the voltage 
axis intercept of (V.R,)/ (Re, + r.) the same value as in Region I. The 


slope, Ri(1 — a@), is negative provided a > 1. 
EVALUATION IN REGION II 

In Region IIL it may be assumed that r, < Ry re “K Ry andr,” K Ry. 
Other suitable approximations will depend largely upon the magnitude 
of R.. From equation (23) 


7 tre RC, . ‘) Ps 
V an = T R, . r 2S 


u R, i 


If R. is large, that is, large compared tor, , but small compared to 
Region II r,, then (28) becomes, 
RR, 
R, +- R 


Vou = (29) 

Under these conditions, the circuit. is essentially independent of 
device parameters. This is useful where a high independence of device 
parameters Is required, but does not focus the attention upon the 
device parameters as does the R, — 0 case. This is the condition under 
which the transistor might be operated when it is desired to obtain the 
maximum ON current, or conversely the minimum internal switch re 
sistance. 

Where R 0, equation (28) becomes, 


srr pee 


Van = [re +1, volt 1 VY (30) 


” seer see 


Since r, and (r rm ) are quite small the short-circuit currents 
may be very high. Where the transistor is considered as a switch bet ween 
emitter and collector circuits, the “switch” voltage drop, as V.., is 


given by the first term of equation (30) 
EVALUATION OF REGION T-REGION IL TRANSITION 


Karher, trigger sensitivities were mentioned as being the small voltage 
and current differences between the turning points of the negative 
resistance characteristic and the stable operating points. The determina- 
tion of the turning points and their stability is of great importance 
since it is usually desired to obtain maximum stable sensitivity. The 
voltage and current at the two turning points* have been given the 
subseript p and v for the low and high current conditions respectively 
as shown in the synopses of Fig. 17, 18 and 19. V., and J,, in the short 


* Sometimes termed ‘‘peak’’ and ‘‘valley”’ 
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Phat the low current turning point falls on the emitter current axis, 
I 


0, is a consequence of the original assumption that r,, 


0 case for example may be obtained by a simul- 


for Region I and equation (27) for 


V A, (31) 
Ry + rT, 
(). (32) 


Q 





TRANSISTORS IN SWITCHING CIRCUITS 





neral 


Synopsis 


(Ts + Re) (rr + Ry + Tm 


Ry + R,) — 


spproximate Short Circuit Case 


ere 


legion | 


Fw 


= Ry + re 


Fu Re 


Ssistance characteristic and properties 





for 7, < Oand r, > O for J, > 0. This is not a precise assumption and 
the turning point will usually le slightly in the positive emitter current 
region. For very small triggers or more accurate calculations, considera- 


tion must be given to closer approximations Of Tn fi(7.) and Ry = 


fol). 


The consequences of equation (31) can be quite serious. V. and Ry 
are of course fixed, but 7, is variable from unit to unit, with temperature 
and perhaps with life. The variability of V,., can result in failure to 
trigger, self-triggering or lock-up at high current. 
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EVALUATION OF REGION II-REGION LIL TRANSITION 


The high-current turning point for the short-circuit case is deter- 
mined from a simultaneous solution of the pertinent equations for 
Regions Il and III], equations (27) and (30). Thus, 


V fe 
RO — a)(T% + R, 


V 1 + PA. rT. Ps | 
r+ Rs) Rl — a) | 


l, 


Where it may be approximated that r, > Ry, as has already been 
done in bringing in a, equations (33) and (34) become, 
V 


R,(1 = Oy 
V, 


In this order of approximation, V,, is nearly equal to | Any varia 
tion in the lower trigger point is primarily with /,, , due chiefly to any 
change in a. It is interesting to note that the trigger point will move 
along the Region ITI curve given by (30). 

The ratio of V., to V,, is often of interest to estimate voltage swings 
or perhaps as a design objective in some switching circuits. Thus from 
(36) and (31), 

[R41 
Rl — 
) then (37) becomes: 


R 
a 7 


‘i. me bis 

If RR, is very large, the ratio approaches unity with the implication of 
the existence of only two regions. This is equivalent to saving that the 
negative resistance becomes infinite over an infinitely short range. The 
proper choice of Ry in terms of (38) may well be a design problem where 


it is desired to have a high ratio of VV, to VY, ~as in lockout e:reuits 


SYNOPSIS OF NEGATIVE RESISTANCE CHARACTERISTICS 


Svnopsis for the three negative resistance characteristics are given 
in Figs. 17, IS and 19. The solution and analysis procedures are the 
sume as outlined for the emitter characteristic. It should be noted that 


ray 


the base characteristic Is short-cireuit stable in distinetion to the emitter 
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and collector characteristics which are open-circuit: stable. It would 
have been more appropriate to solve the base circuit in terms of con- 
ductances rather than resistances. The magnitudes of negative resistance 
obtained in this connection are quite low which may be misleading; the 
negative conductance is quite high, however, which is desired in short 
circuit stable negative resistance circuits 

Care should be taken in the literal employment of the approximate 
regional relationships in Figs. 17, 18 and 19. They are very definitely 
approximate and are intended to illustrate behavior and the limiting 
condition only to bring out the relative importance of device param- 
eters. It is suggested that calculations be started with the general 


case and approximations be made as are valid. For example, the con- 
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clusion is reached in the collector characteristic that the negative re 
sistance (Region IT) is independent of the base resistance or feedback 
This is true for only the limited range where r, << Ry, << 1 


EXAMPLE OF CALCULATED AND EXPERIMENTAL CHARACTERISTICS 


An example to illustrate the analysis is shown in Fig. 20 where both 
experimental and calculated characteristics for the- emitter cirenit are 
given. In this example there is appreciable load resistance; hence r 

aa ve . ‘ 

r, andr, are of no consequence since they will all be very small com 
pared to the FR, of 2.2K ohms, Also, FR, 6.8A ohms is much greater 
than r, ; hence r, can be neglected. Since V, is —45 volts, the J. term 
may also be neglected. 
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Computing V,, first. 


1L(OSK ) , 
- - : : 10.9 volts (39) 
(O8K + 19K 2.2K) 
Phe caleulated value 10.9 volts compares quite favorably to the 
measured 11.0 volts 
Region TL is given in this case, approximately by, 


~ I 
~ ty 


~ 
~ 


: OSA(GOSK + SOK) 
(G.8K t = - 
OSA + 19K + 22K 


Vz SOAK), 10.9 42) 


‘ 


Phe first term is of course the slope in Region [IT and is the magnitude 
of the negative resistance. The calculated value is —S8900 ohms whereas 
the measured value Was approximately —9200 ohms. 

The Region TIL approximation, derived also from the general rela- 
tionship Is 

(RR 14 VR, (43) 
R+R.'' RER 
((6.8K)(2.2K)) LS(O8A) 
6.8K + 2.2K) * USA + 22K 


(44) 


V en 1785 ie 34 (45) 


The relation tor Region II] agrees quite well in slope but not in de 
value as may be seen in Fig. 20. Since in this example the Region ITI 
behavior is determined essentially by the circuit parameters, it is 
surmised that the nominal 45-volt battery emploved in taking the data 
was actually 47 volts 

The Region [T check is essentially perfect since the approximation 
given in Fig. 17 1s quite good 

Note the error at the intersection of the Regions I] and IIL. The 
broken-line method predicts a sharp transition whereas the actual case 
is gradual. The deviation is due to the gradual changes in r,, and r, as 
the collector voltage approaches cutoff and is the largest gross error in 
the approximation 

It is beheved that analysis of this sort will reasonably predict circuit 


behavior and lead to device requirements. There must be a thorough 


understanding of the approximations involved and the accuracy will be 


directly related to the degree to which the original idealized character- 


istics are approximated. Extended, by means of more than three broken 
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Fig. 20-—Fxperimental and calculated emitter negative resistance characteristic 


lines, the method will yield fine detail to the degree to which device 
parameters are known and patience will permit. Transient behavior and 
analysis have not been discussed and are needed for a more complete 


understanding, particularly where transitional speeds are of concern.* 


IIT -Swircuine Tyree TRANSISTOR PROPERTIES 


An examination of the circuit approximations given in Figs. 17, 18, 
and 19 will reveal that the transistor and circuit designers will want to 
know nearly all there is to know about the device characteristics. This 
is not particularly surprising since the device is sed over its entire range 
rather than over a limited portion as in the case of small-signal applica 


tions. The same examination of the circuit relations will also show that 


A treatment of the transient behavior bet ween regions is given in B.G. Farley, 
‘Dvynamies of Transistor Negative Resistance’, Proc. Inst. Radio Engr., Nov 
1952. Analvsis and the solution for the periods of the monostable and astable 
cases, assuming infinite region to region transition speed, are given in G. Ek. Me 
Duffie, Jr., ‘Pulse Duration and Repetition Rate of a Transistor Multivibrator’’ 

Proc. Inst. Radio Enar., Nov., 1982 


a ee ee 
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irtually all of the device parameters should be constant from unit to 
mut and with ambient conditions 

It can be shown that for small-signals a device may be uniquely 
characterized by five measurements 


here these might be R,, . R r Ro» 9 R 


In terms of the parameters used 
, and the de bias point or equally, 
r.,%, and the bias point. Since the problem was linearized in the 
upproximation, it follows that 15 such measurements, five in each 
region, are necessary for proper switching device characterization. The 
indicate extensive testing required may be reduced somewhat bv 
suitable approximations. It is clear that the switching device designer 
and producer must reconcile themselves to making more tests for ac 
curate characterization than when small signal devices are concerned 


What 
switching transistors in terms of the parameters which have evolved as a 
result of practical approximations. The method will be to discuss device 


properties and measurements region by region; then to discuss the 


will be given here is a description of typical developmental 


properties at the transition points. Temperature, frequency and _ life 
behavior will be taken up separately 


REGION LT PROPERTIES 


In Region I, the emitter current is negative. Hence the emitter 
resistance r, is large and is essentially that of a diode in the reverse 
direction. At present r, is measured by a simple de test of the current 
which flows at a nominal 10 volts. Both r, and r, will be discussed 
further under the Region [-Region II transition properties. 

The Region I collector resistance is one of the most important param- 
eters In switehing. This is because of its determining nature in the 
turning point voltages in Figs. 17, 18, and 19. Actually, what is of 
concern is not the small-signal slope shown as r.* in Fig. 21, but rather 


the de current and voltage relationship shown as r4. For example in 
ig. 17, it may be seen that J 


pis given by the voltage drop determined 
by the product of R, and the de collector current. 

Fig. 21 is an idealization of the Ro characteristic and has been de 
signed to bring out the diode nature of the collector by emphasizing 
the saturation current and voltage, 7. and Vi. In junction devices the 
break in the /, 0 characteristic at 7. is quite evident whereas in 
present point contact devices the transition is smooth due to the much 
lower values of r.. The device significance is the same, however; J. 
varies rapidly with temperature whereas r. varies at a considerably 
lower rate 


* The actual parameter is of course Ry , but since Rea = re 4+ 


Te “a and rns 
Reo is taken as Tr, 
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In junction devices the proper measurements would be of J. and r, 
Since J. is difficult to define in 
measured as an approximation 
lated as, 


point contact devices, ro has been 


In the idealization, r. and raw 
(I, — I) 
. (46) 
'g 


)is made at a collector voltage which is typical 
of the applications in the range of perhaps — 10 to 


ure re- 


The measurement of r4 


15 volts. 

\ constant dissipation line has been drawn on Fig. 21, which reveals 
the desirability of having ro very large in order to operate at higher 
voltages and to secure high efficiency through lower dissipation in the 
OFF or rest condition 


REGION IL PROPERTIES 
The Region IL low frequency properties are essentially identical to 
those of transistors intended for small-signal applications 


A . possible 


exception is the somewhat less attention paid to the base resistance, rp» 





which is eritical to small-signal applications. The characterization con 
sists of a normal small-signal set plus de bias values. 


REGION IL PROPERTIES 


The Region III properties have been defined largely by a figure of 


5.5MA 
leo > «< 





Ve 
(CONSTANT) 


OV. 
fo = — 
= a I Cc j 


a 
y 
4c 


Ve 


ico= 


OR VOLTAGE 


Ve CONSTANT 


' 
‘ 
‘ 
‘ 
‘ 
‘ 
‘ 
‘ 
‘ 


' 
CONSTANT 
DISSIPATION 


OLLE 





Fig. 21--Idealized output characteristic illustrating parameters 


renege 





12440 THE BELL SYSTEM TECHNICAL JOURNAL, NOVEMBER 1952 
merit measurement shown as V.03, —5.5) in Fig. 21. This measurement 
is the voltage from collector to base under the condition that J, > 

I ./a In this instance /, has been chosen to be 3 mA and /, to be 

5.5 mA. The collector current value is chosen on the basis of the 
smallest tolerable value of alpha expected so as to place the point of 
measurement near the os knee, but in Region IIT or overload. 

The V.(3, —5.5) measurement is a good measurement for defining 
he general behavior. V.(3, 5.5) taken with the r.. measurement 
constitute a very good defining set for checking the transistor as in 
re-measuring. For design purposes, the V.(3, —5.5) measurement is not 
sufficient. It proy ides an upproximate value fon "gl but does not define 


r, andr, \ second de measurement, the collector to emitter voltage 


drop, Vy. , has been employed experimentally also. An improved char- 


; 


acterization Will undoubtedly involve separate measurements of 7, 


) ri j 
- and 


REGLION-PO-REGION TRANSITION PROPERTLES 


Phe transition between Regions [and IL is accompanied by abrupt 
changes Wir, and / 

The theory assumes that both of these parameters change at an 
infinite rate at a fixed emitter current, taken as /, = 0. Unfortunately 
neither of these assumptions is strictly true. r. undergoes a gradual 
change from high to low values which is only approximated by the 
three assigned values. In particular the behavior near J, 0 is of con 
cern When dealing with small triggers 

Phe forward transfer impedance changes at a finite rate also. Further, 
the emitter current at which the maximum rate of change occurs will 
vary trom unit to unit. Present practice also has been to measure a 
rather than r, The rational for doing so is not too good since r,, is 
quite likely the better parameter to characterize. Alpha has a strong phys- 
ical appeal, fits well into the circuit problems and is easy to measure 

Since a ro tv Ms ry + r-) Ibis necessary to assume that ry and 

are constant near J, QO, an only fair approximation. Having made 
the approximation, the typical a@ behavior shown in Fig. 22 may be 
taken as a measure of r,,. Three values are measured, the first of which, 
ay, in Region Tl, is redundant to the Region IL small-signal measure 
ments. Phe two limits, as and as, serve to place lower and upper limits 
coy the ibsolute values ol a at the Regions | I] transition, These limits 
in turn place a lower value on the rate of change in a within the 7, + A 
range shown 


It mav be noted that @ in Region I is finite. There is a lower limit 
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Fig. 22 Alpha characteristic 


even though r,, is zero since a, —> (r/ry + r-). The values normally 
encountered at /, = 0 — A are usually in excess of this lower limit. 

The feedback resistance ry, tends to rise as J, — O which may be 
important to some trigger cireuits. As the circuitry becomes more 
sophisticated, it is expected that more attention will need to be paid to 
the behavior of r,, 7, and ry at and near /, 0 

The transition from Region II to Region III is determined from the 
relation 7, = —(I./a). The problem is quite similar to the control of 
the w factor in tubes where plate current cut-off is given by V, 

(Fs Lh). Present practice has been to depend upon the a; Values and 
upon the lower limit placed on alpha in the V.(3, —5.5) measurement. 
Further effort is needed here also. 


TYPICAL PARAMETER VALUES AND DISTRIBUTLONS 


Integrated distribution curves for the parameters of a typical develop- 
mental switching transistor are shown in Fig. 23. The unit-to-unit 
variations are deemed to compare favorably with those of commercial 
electron tubes. The parameter of most serious variability is r.. which is 


unfortunate since ro is so important to trigger sensitivity stability 


TEMPERATURE, FREQUENCY AND SHOCK PROPERTIES 


Transistor parameters are reasonably constant with temperatures 
below room temperature. Above room temperatures some of the param- 
eters are variable. r, and ry are fairly constant, changing very little to 


70°C. r, and r,, decrease fairly rapidly, maintaining a ratio such that 


alpha rises slightly. r, and ro change most rapidly and, while both of 
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these parameters are of little consequence in small-signal applications, 
they are quite important in switching, particularly lo. 

Karly transistors might exhibit a change in ra at 60°C of 3 to 1 or 
more from room temperature values. The transistors of which the data 
in Figs. 18 and 283 are typical have an ro temperature coefficient of 
about —0.75 per cent/°C. That is, the room temperature value of r 


might be reduced by 30 per cent at 70°C. The improved temperature 


behavior implies a corresponding reduction in variation in_ trigger 


sensitivity. Parameter values, large-signal and small-signal, are shown 


in Fig. 24 as a function of temperature 
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Variation in characteristics will arise from self-engendered heat, that 
is, dissipation. Transistors may be thermally unstable under constant 
voltage conditions. Since the switching properties are exhibited under 
short-circuit or constant voltage terminations, thermal properties are 
of concern. The limitations involved are similar to those of any positive 
feedback circuit. If the thermal loss through radiation and conduction 
exceeds the heat input, the system will be stable. The practical sig- 
nificance is to place limitations on dissipation and to employ designs 
which result in rapid heat loss. Other design criteria such as miniaturiza- 
tion may limit the latter. 

If perfect switching characteristics were obtainable, dissipation would 
be of little consequence in switching. This is akin to saving that neither 
a short-circuit nor an open-circuit dissipates any energy. Further, the 
perfect device has zero transition time and therefore involves no loss. 
The transistor has finite resistance both open and closed and a finite 
although rapid transition time. There is some advantage however. A 
constant dissipation curve shown as a dotted line has been included in 
Fig. 21. Small-signal operation at mid-range currents and voltages 
results in fairly low limitations on both current and voltage. The inter- 
section with the Roo voltage saturation line (/, 0) is at fairly high 
voltage. Similariy, the intersection with the collector voltage cut off line 
is at high current. For constant dissipation, approximately, 

‘‘ 


Voltage saturation: Pat 
r 


Voltage cutoff: Pam Pr +r 


Depending upon the circuit the assumed dissipation limit may or may 
not be exceeded during the transitions. Should the limit be exceeded, 
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* This includes both emitter and collector dissipation. See equation (30 
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and substantially so, there are normally no serious consequences due to 

the very rapid transitions and consequent low thermal energy generated. 
Transistors may not be able to tolerate excess dissipation on this 

basis if the circuits are slow, that is with transition times in excess of 


perhaps a few tenths of a microsecond. Such conditions may arise, for 


example, if loads are inductive. In many such cases, shunting capacitor 


networks will often permit a rapid transition with consequent transfer 
of current to the inductive load 

The frequency response of point contact transistors can be sufficiently 
good to insure switching type operation with rise times of the order of 
0.1 to O.OL ws. Fall times may be somewhat longer due to the hole storage 
effect. In regenerative circuits, operating speeds are faster than might be 
imagined from the small-signal frequeney cutoff. Reliable operation with 
rise times of O.1 ws is obtained with only nominal attention to frequency 
eutotl Speeds of the order of 0.02 ws require a 10 me. lower limit. Present 
junction transistors are substantially slower. 

\ccurate life estimates are difficult to make due to the rapid rate of 
development, the relative age of the transistor and the number of 
parameters involved. A given device is quite likely to be obsolete and 
forced to give way to an improved version before sufficient models can 
he obtained for life tests. A small quantity of transistors having proper- 
ties similar to those of Fig. 20 and 21 have been operated for over 6,000 
hours with an indicated lite of 30,000 hours. Other similar transistors 
with longer life histories have indicated lives of better than 70,000 
hours, The pattern appears to be similar to that of electron tubes—an 
early failure and change rate followed by a very slow exponential rate 
It is believed that life is extended by low power operation and is de- 
creased by high temperature operation. 

The relatively high noise level of transistors does not appear to be a 
significant problem at present when considered in terms of automata. 
Systems employing switching type circuits in pulse communication will 
of course be concerned. It is suggested that the non-concern for noise 
in non-transmission type systems is largely a reflection of the ease with 
which high magnitudes of state changes are obtained. With design 
trends toward low power and low operating levels, noise will undoubted], 
set a lower limit of level operation i such sVstemis also 

Phe extreme resistance of the transistor to shock and vibration with 
a consequent absence of microphonism may in some applications result 
in effective lower noise. Shocks in excess of 20,000G have resulted in no 
damage. No evidences of current modulation in excess of noise have 


been detected with vibrational forces of the order of LOOG at frequencies 
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as high as LOOO evcles in tests on the transistor of Fig. 1. ‘Transistors 
have been included in plastic embedded circuits without change of 
characteristics. 


SUMMARY PRANSISTOR PROPERTLES 


Transistors have been designed with properties expressly intended 
for switching applications.* The characteristics are acceptable for con 
temporary switching tvpe circuits and sufficiently reproducible to per 
mit interchangeability of devices in circuits of normal requirements 
The characterization has been sufficiently unique to permit the caleula 
tion of first order circuit performance. The characterization is not suffi 
ciently complete to permit determination of the complete transient 
behavior, 

In terms of the circuits deseribed, the major parameter limitation is 


concerned with the variability of the d-ce collector resistance among 


units and with temperature. It is expected that future circuit develop 


ment will place additional requirements on the transistor, particularly 
as related to the transitions between regions. It is also to be expected 
that future circuit designs may establish new or modify present device 
requirements. 

A major consideration for computer ol computer-like systems, re 
liability, particularly with respect to time and temperature, has not 


been established, but appears to be favorable. 
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1n Approrimate Quantum Theory of the Antiferromagnetie Ground 

State. P. W. ANperson’. Phys. Rev., 86, pp. 694-701, June 1, 1952 
Monograph 1995, 

A careful treatment of the zero-point energy of the spin-waves in the Kramers- 
Heller semiclassical theory of ferromagnetics leads to surprisingly exact results 
for the properties of the ground state, as shown by Klein and Smith. An analogous 
treatment of the antiferromagnetic ground state, whose properties were un- 
known, is here carried out and justified The results are expected to be valid to 
order 1/S or better, where S is the spin quantum number of the separate atoms. 

The energy of the ground state is computed and found to le within limits 
found elsewhere on rigorous grounds. For the linear chain, there is no long-range 
order in the ground state; for the simple cubic and plane square lattices, a finite 
long-range order in the ground state is found. The fact that this order can be 

ved experimentally, somewhat puzzling since one knows the ground state 


singlet, Is explained 


Vethod of Synthesis of the Statistical and Impact Theortes of Pressure 
Broadening. P. W. ANXprrson’. Letter to the Editor. Phys. Rev., 86, p. 
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{re ing at Electrical Contacts on Closrre Part rere Developme nt of an 
ire. L. H. Germer and J. L. Sarria’. Jl. Applied Phys., 23, pp. 553-562, 
May, 1952. (Monograph 2002 

\ description is given of a system made up of experimental electrodes and an 
OSCILLOSCOPE by means of which the potential across the electrodes can be recorded 
with a time resolution of about 10~° see. and a potential sensitivity of 1-trace 
width per volt. The closure of the electrodes to produce a short are is synchro- 
nized with the oscillascope sweep so that the beginning of the arc is photographed 

As an are starts the potential across the electrodes decreases more or less 
gradually from the applied voltage to a steady value characteristic of the metal 
of the electrodes. The course of this change is extremely variable as is also the 
time over which the change is spread The average value of the time appears to 
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vary ‘with Circuit inductance and with the nature of the electrode surfaces. For 
inactive silver surfaces and an inductance of 0.10 wh the average value of the 
time is about 0.007 uw sec., and for active surfaces and the same inductance 0.011 
uw sec. For active surfaces and an inductance of 5 wh the average value of the time 
is 0.02 uw sec 

The electrode separation at which an are strikes is determined from the oscillo- 
scope traces and from a correction for the height of the mound of metal thrown 
up by the are. For active silver electrodes the average separation (at 10 or 45 
volts) corresponds to a gross electric field of 0.8 X 10° volts/em, and for inactive 
silver electrodes to a field of 2.3 * 10° volts/em. These are probably better values 
than earlier measurements of these fields. There has not vet been any success 


in interpreting these phenomena in terms of fundamental processes 


A Carrier Teli graph System for Short-Haul Applications J. L. Hysxo, 
W. T. Rea’ and L. C. Roperts’. Elec. Eng., 71, pp. 625-630, July, 1952 
(Monograph 2006 

This compact trequency -shift carrier telegraph system provides channels i 
and above the voice range. The channel terminal unit incorporates arrangements 
for handling Teletypewriter Exchange Service supervisory signals and employs 


no electromagnetic relays 


Some Problems in Sampling Accouniing Procedure. H. 1. JONES’ pp 


209-250. Am. Soc. for Quality Control Quality control conference papers 
6th Annual Convention. N. Y¥., Am. Soe. Quality Control, 1952 


Photometric Determination of Beryllium in Beryllium-Copper Alloys 
C. L. Luke and M. E. Camppent'. Anal. Chem., 24, pp. 1056-1057, 
June, 1952. (Monograph 2013). 


Steady Rotational Flow of Ideal Gases. R. C. Prim Jl. Rational Mech 
and Analysis, 1, pp. 425-497, July, 1952. 

This paper concerns the steady rotational flow of non-viscous and thermally 
non-conducting gases subject to no extraneous force field. For the most part 
attention is restricted to gases having constant specific heats. However, some of 
the results are valid for more general classes of fluids. Uniformity of total flow 
energy (stagnation enthalpy) or of entropy throughout the flow is not assumed 
The present work is intended to be a comprehensive treatment of the status (in 
1949) or rotational flow theory from the point of view of the establishment of 
general properties of such flows and the discovery and study of families of exact 
solutions to the equations governing them 


Finishing Metal Parts for Te le phones. IF 3 Raine K* Vetal Progre 88 
61, pp. 65-70, June, 1952. 
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Binary Counter Uses Two Transistors. R. L.. Trent’. Electronics, 26, 
pp. 100 1O1, July, 1952 

Various timing and registry functions are provided by transistorized counter 
vith repetition rate from 0 to 50 ke. It has stability without the usual sacrifice 


nh sensitivity and it permits either positive or negative triggering pulses to be 


used 


Structural Imperfections in: Quartz Crystals. W. L. Boxp) and J. 
ANDRUS 1m. Muineral., 37, pp. 622-682, July August, 1952. (Mono 
graph POO] 

\ method for examining the topography of atomic planes: is developed and 
applied to quartz crystals. It is thought to have higher resolution than the 
method of Wooster and Wooster (Nature, 165, p. 786 (1945)), or that of Rama- 
ehandran (Proc. Ind. Acad. Sct., 19A, p. 280 (1944)). Because of the higher 
resolution it gives more detailed information. A fair percentage of ostensibly 


perfect quartz is shown to have slight irregularities. 


Packaging Principles Employing Plastics and Printed Wiring to Im- 
prove Releability. W. J. CLarke! and N. J. Eren!. pp. 138-137. ALT. EL E., 
IR. BE. and R. TT. M. A. Symposium, Progress in Quality Electronic 


(‘omponents. Proceedings, Wash., D. C., May 5-7, 1952. Wash., D. C 
R. T. M. A., 1952. 


VWiniaturized Components for Transistor Action. P. S. DARNELL. pp 
9157. ALT. BR. EL, TR. EL. and R. T. M. A. Symposium, Progress in 


ou 


Quality Electronie Components. Proceedings, Wash. D. C., May 5-7, 
1952. Wash., D. C., R. T. M. A., 1952 


Some Basic (¢ once pts ol Quality (‘ontrol. G. DD. KpWarpbs!. Shewhart 
\MIedalist Address. /nd Quality Control, 9, pp. +f] 10, July, 1952. 


he feckive Sum of Multiple Echoes in Television. A. D. Fow ier! and H. 
~ HRISTOPHER'. S. M. P. 7. E., JL, 68, pp. 491-500, June, 1952. 
yservers compared the interfering effeet of multiple echoes with that of 
rle echoes in black-and-white television pictures. The multiple echoes were 

or S echoes of equal strength but different delavs. The single echoes were 40, 

30 db weaker than the main signal. A method for estimating addition 

| is presented and demonstrated to be consistent with the 


echoes 


In rien big the Reliability of Pe lays J R Iry', pp. 
Ro Bo and Ro TL M.A. Symposium, Progress in 
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Qualit¥ Electronic Components. Proceedings, Wash., D. C., May 
1952. Wash., D. C., R. T. M. A., 1952 


kine rqy of a Bloch Wall on the Band Picture. IT. Perturbation 1 pproac } 
(’. Herrinc!. Phys. Rev., 87, pp. 60-70, July 1, 1952 

The “exehange stiffness” constant, which appears in the theory of the Bloch 
interdomain wall in ferromagneties, can be calculated by computing the response 
of a saturated specimen to a small spatially varying perturbing field. This caleu- 
lation is carried out here in the self-consistent field approximation, using running 
waves for the one-electron states, and the result is interpreted physically in 
terms of precession of the spins of moving electrons. Combination of the present 
theory with the Stoner-Wohlfarth model of the ferromagnetic electrons in nickel 
does not give satisfactory results, probably because the latter model does not 
approximate the actual self-consistent field solution very well. However, applica- 
tion of the theory to the free electron gas is of interest as a confirmation of the 
validity of the perturbation approach. It is shown that there exist, even in a 
ferromagnetic metal, quantum states orthogonal to all the low-lving states of the 
conventional band picture and having the properties of spin waves. The pre- 
sumably universal relation between the exchange stiffness constant and the 
energies of spin waves of long wavelength is verified in the present approximation 
It is shown that spin waves carry a current in a metal, though not in an insulator. 
For spin waves of long wavelength the present theory can be shown to include 
Slater's theory of spin waves in a ferromagnetic insulator, and a fortiori to include 
all previous theories based on the atomic model 


Nonsynchronous Pulse Multiplex System. A. L. Horrrr'. Electronics, 
25, pp. 116-120, August, 1952. 

Voice transmitters use one frequency simultaneously but no synchronizing 
pulse is necessary, although time-division multiplexing is used. Random samples 
from each transmitter are tagged for identification at proper receiver Svstem 
Is applicable to rural telephony and moving-vehicle communication 


Design of Modulation Mquipme nt for Vode rh Single Sideband Trans 
mitters. A. E. Kerwien'. 1. Ro E., Proe., 40, pp. 797-8038, July, 1952 
(Monograph 2012). 

This paper deals with considerations that go into the design of modulation 
equipment for a single-sideband radiotelephone transmitter in which filters are 
used for sideband suppression. Balance requirements, frequency stability, the 
choice of intermediate frequencies, and methods of avoiding transmission of 
spurious frequencies are among the factors which are discussed 


A Multichannel Single-Sideband Radio Transmitter. L. M. Kuen’, A 
J. Munn’, and J. Neperka’. J. R. E. Proc., 40, pp. 797-808, July, 1952 


(Monograph 2012) 


This paper describes a new single-sideband radio transmitter for transoceani 
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ce which represents a substantial improvement over past design. Its im- 
portant features include: (a) a frequency band which permits deriving four 


telephone channels, if desired; (b) a push-button method for changing frequencies 


within a matter of seconds: (¢) an increase in power over its predecessor; and 


rround improved transmission performance 


Photometric Determination of Aluminum in Lead, Antimony, and Tin 
and Thetr Alloys. C. L. Luke’. Anal. Chem., 24, pp. 1122-1126, July, 1952. 
Monograph 2013 

The work was undertaken because of a need for a reliable method for the 
determination of traces of aluminum in lead, antimony, and tin and their alloys 
\s a preparatory step toward the development of such a method, a thorough 
study of the specificity of the aluminon-thioglycolic acid and the oxine-cyanide- 
peroxide photometric aluminum methods was made. As a result, an accurate 
specific method for aluminum has been developed. This method is applicable 
to the analysis of lead, antimony, and tin and their alloys and can also be adapted 
for use in the analysis of a wide variety of other ferrous and nonferrous alloys. 


Photometric Determination in Manganese Bronze, Zinc Die Casting Al 
loys, and Magnesium Alloys. C. L. Luk gE. and K. C. Braun’. Anal Chem. 
24, pp. 1120-1122, July, 1952. (Monograph 2013). 

The work was undertaken in an effort to produce a rapid reliable method for 
the determination of aluminum appearing as a Major constituent in copper, Zinc, 
ind magnesium alloys. The work shows that the photometric aluminum method 
leseribed by Craft and Makepeace is very satisfactory and that by employing 
thioglyeolic acid as a complexing agent it is possible to simplify the usual photo- 
metric methods for the determinatior of aluminum in nonferrous alloys. The paper 
contains experimental material that will aid future workers in the application of 


this method to other materials 


| mplrfi rs {for M ullichanne l Single Side hand Radio Transmitte re. N 
Lunn’, C.F. P. Rose’ and L. G. Youna’. I. R. E.., Proc., 40, pp. 790-796, 
July, 1952 Monograph 2012) 


Considerations are given for designing high-frequeney amplifiers whose per- 


formance will meet the high standards required for amplifying multichannel 
signals. A relationship between tone and speech data is presented to show how 
the tone rating of the amplifier can be determined from the speech rating and 


interchanne! modulation nore requirements 


Veasurement of Dynamic Shear Viscosity and Stiffness of Viscous Lag 
uwids by Means of Traveling Torsional Waves. H. J. MecSkimin'. {eoush 
cal Soc. Am. JL, 24, pp. 355-365, July, 1952. 

A short periodically repeated train of torsional waves is transmitted along a 

netal cylindrical rod. After reflection from the free end, these waves are 
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sent back to the quartz erystal which serves as both transmitter and receiver 
The phase shift and added atteriuation caused by immersing the rod in the test 
liquid are measured by means of a special balancing arrangement and vield a 
calculation of the impedance presented to the rod surface. From an analysis of 
wave propagation both in the rod and in the liquid, one can calqulate the charac- 
teristic shear impedance of the liquid, and the dynamic viscosity and stiffness 
Data for polyisobutylene liquids with static viscosities up to 2000 poses are 
given for the frequency range 25-150 ke. High frequency data (5-25 me) for the 
same liquids obtained by a method previously reported on (see reference LO (b 

are correlated to the present work. Some results for polypropylene, polyisoprene 


polybutadiene, and polypropylene sebacate are also given. 


New Transistors Give Improved Pe rformance. J. A. Morton . Electron 
ics, 25, pp. LOO- 108, August, 1952. 

Better manufacturing processes and germanium materials have provided 
greater reliability and reproducibility and improved frequency response. Highe1 
power output and better noise figure for high-sensitivity applications are proper- 


ties of new types 


) 


Microwaves. J. R. Pierce. Set. Am., 187, pp. 48-51, August, 1952 
They are radio waves that range in length from about a quarter of an inch to 
two feet. Investigated during the war for their utility in radar, they are now 


widely applied in communication 


Glass Unit for Liquid and Vapor Phase Extraction Employing a Single 
Processing Chamber. H. A. Sauer'!. Anal. Chem., 24, p. 1232, July, 1952. 


The Transistors Development Status at Bell Telephone Laboratories, 
with Demonstration. W. R. Srrrner’. pp. 138-142. A. I. E. E., I. R. E 
and R. T. M. A. Symposium, Progress in Quality Electron Components 
Proceedings, Wash., D. C., May 5-7, 1952. Wash., D. C., R. T. M. A,, 


1952. 


Polyethylene Terephthalate as a Capacitor Dielectric. M. C. Woorey', 
G. T. Kouman’ and W. McManon!. Elec. Eng., 71, pp. 715-717, Aug., 
1952. 

Polyethylene terephthalate, o1 ‘Mylar’, is a new rival of paper for use as the 
dielectric in electric capacitors. It appears superior in regard to insulation 
resistance, temperature coefficient of capacitance, and operating temperature 


range. 
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100 MILLIMETERS 


° 
INSTRUCTIONS Resolution is expressed in terms of the lines per millimeter recorded by a particular 
film under specified conditions. - Numerals in chart indicate the number of lines per millimeter in adjacent 
“T-shaped” groupings. 

_In microfilming, it is necessary to determine the reduction ratio and multiply the number of lines in the 
‘chart by this value to find the number of lines recorded by the film. As an aid in determining the reduction 
‘ratio, the line above is 100 millimeters in length. Measuring this line in the film image and dividing the length 
into 100 gives the reduction ratio. Example: the.line is 20 mm. long in the film image, and 100/20 $i 


Examint “T-shaped” line groupings in the film with microscope, and note the number adjacent to finest 
lines recorded sharply-and distinctly. Multiply this number by the reduction facgor to obtain resolving power 
in lines per millimeter. Example: 7.9 group of lines is clearly recorded while lines in the 10.0, group are 
not distinctly separated. Reduction ratio is 5, and 7.9 x § 39.5 lines per millimeter recorded satisfacto- 
rily. 10.0 x 5 §0 lines per millimeter which are not recorded: satisfactorily. Under the particular condi- 
tions, maximum resolution is between 39.5 and 50 lines per millimeter. 


Resolution, as measured on the film, is a test of the entire photographic system, including lens, exposure, 
processing, and other factors. These rarely utilize maximum resolution of the film. Vibrations during 


exposure, lack of* critical focus, and exposures yielding very dense negatives are to be avoided. 
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